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Abstract 



In this work we study the T, CP and CPT symmetries in the B-meson 
system. Our analysis and results are addressed to the case of correlated 
mesons in the B-factories. 

In the first set of theory and results we investigate the consequences of 
these discrete symmetries in the B-mixing and interference between mixing 
and decay. With the help of the CP-tag we compute all possible intensities 
and asymmetries which concern flavour-specific and CP Golden Plate decays. 
Our proposed observables are a new self-consistency check for the Standard 
Model, as well as a new exploration for the traces of the discrete symmetries 
in the B-system. 

In the second set of results we study CPT violation in the initial state 
of the B-factories through the loss of indistinguishability of and B^. We 
show that, if the consequence of Bose statistic is relaxed, then the equal-sign 
dilepton events are considerably modified. We analyze the demise of flavour 
tagging and we also prove that the equal-sign charge asymmetry, Agi, is an 
optimal observable where to look for this new CPT violation effect. The 
detailed study of this asymmetry allows us to predict different behaviours 
according to the possible values of the CPT violating parameter u. We 
conclude that the best observable where to find traces of this novel kind of 
CPT violation is the analysis of Agi at small At's. We use existing data on 
Asi to put the first limits on u. 
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Resumen [espanol] 



En este trabajo estudiamos las simetrias T, CP y CPT en el sistema 
de mesones B. Nuestros analisis y resultados estan dirigidos para el caso de 
mesones correlacionados en las fabricas de mesones B. 

En el primer conjunto de teoria y resultados investigamos las consecuen- 
cias de estas simetrias discretas en el mixing de B's y en la interferencia entre 
mixing y decaimiento. Con la ayuda del rotulo por CP (CP-tag) calculamos 
todas las posibles intensidades y asimetrias que conciernen a sabor-especifico 
y decaimiento CP Golden Plate. Nuestros observables propuestos son una 
nueva verificacion de auto-consistencia para el Modelo Estandar, asi como 
una nueva exploracion para los rastros de las simetrias discretas en el sistema 
de mesones B. 

En el segundo conjunto de resultados estudiamos violacion de CPT en el 
estado inicial de las fabricas de B a traves de la perdida de indistinguibili- 
dad de y B^. Mostramos que, si se relaja el requisito de estadistica de 
Bose, entonces los eventos dileptonicos de igual signo son consider ablemente 
modificados. Analizamos el 'fin' del rotulo por sabor (demise of flavour-tag) 
y tambien probamos que la asimetria de carga de eventos del mismo-signo, 
Asi, es un observable optimo donde buscar esta nueva clase de violacion de 
CPT. El estudio detallado de esta asimetria nos permite predecir diferentes 
comportamientos de acuerdo con los posibles valores del parametro de vio- 
lacion de CPT, uj. Concluimos que el mejor observable para hallar rastros 
de esta fiamante clase de violacion de CPT es el analisis de Asi a tiempos 
cortos. Tambien usamos medidas existentes de Agi para poner los primeros 
Ifmites en u. 
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Chapter 1 
Introduction 



1.1 General Introduction 

Symmetry may be one of the most interesting and outstanding archetypes 
of mankind. From the earhest homo-sapiens-sapiens legacy's art motivation, 
running by the Egyptians, Greek, Romans, Arabs and every-other Civihza- 
tion, and until the present day, we can detect it and feel it in a considerable 
amount of creations or inventions of man's mind. Its power is so strong that 
some times may even corrupt the line between archetype and instinct. 

Archetype or instinct, symmetry has proven to be an essential tool for 
the development of science. From the very first days of Natural Philosophy, 
Pythagoras Vlth century BC, symmetry has furnished insight into the laws 
of physics and the nature of the Cosmos. This insight has found always a 
constant evolution with the pass of time and the depth of knowledge, and it 
is worth to briefly point out some landmarks. 

In the late XVIIth century I. Newton and G.W. Leibniz created the in- 
finitesimal calculus and, in particular, the latter developed the analytic nota- 
tion, which replaced geometry as the essential tool to study physical systems. 
At first sight this could have looked as a step backward in the art of taking 
profit of symmetries to understand physical systems, but in the following 
century J.-L. Lagrange and W. Hamilton proved this was not the case. They 
invented the Lagrangian formalism, in which all the symmetries of the sys- 
tem are explicitly incorporated and transformed into conservation laws, and 
hence improving considerably, with respect to geometry, the depth of the 
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insight that symmetries can furnish in the physical theories and in the un- 
derstanding of the Universe. Moreover, in this formahsm many times the 
symmetries of the system itself can determine the Lagrangian, and there- 
fore all the physical theory behind it. It is clear that all these achievements 
would not have been possible without a mathematical baggage which could, 
first define symmetry, and then incorporate it analytically into the theory: 
this was the invention of Group Theory, in the XVIIIth and XlXth century 
by the great mathematicians J.-L. Lagrange and E. Galois. At present day, 
symmetry is one of the chief concepts of modern physics and mathematics. 
The two outstanding theoretical development of the XXth century. Relativ- 
ity and Quantum Theory, involve notions of symmetry in a fundamental and 
irreplaceable way. We should not be surprised if, in the future, the laws of 
Nature end up being written uniquely in terms of symmetry notions. 

It is clear that the study and analysis of symmetries is essential for the 
understanding and development of physics. In their study, the first major 
division occurs between continuous and discrete symmetries. In this work we 
propose to study, within the frame of the B-meson system in particle physics, 
the discrete symmetries C, P, T and their relevant combinations CP, T, and 
CPT. 

In particle physics, charge conjugation (C) is a mathematical operation 
that changes all the charge's sign of a particle, for instance, changing the 
sign of the electrical charge. Charge conjugation implies that every charged 
particle has an oppositely charged antimatter counterpart, or antiparticle. 
The antiparticle of an electrically neutral particle may be identical to the 
particle, as in the case of the neutral pi meson, or it may be distinct, as with 
the anti- neutron due to baryon number. Parity (P), or space inversion, is 
the reflection in the origin of the space coordinates of a particle or particle 
system; i.e., the three space dimensions x, y, and z become, respectively, —x, 
—y, and —z. Time reversal (T) is the mathematical operation of replacing 
the expression for time with its negative in formulas or equations so that 
all the motions are reversed. A resultant formula or equation that remains 
unchanged by this operation is said to be time- reversal invariant, which im- 
plies that the same laws of physics apply equally well in both situations. A 
motion picture of two billiard balls colliding, for instance, can be run forward 
or backward with no clue of which of both is the original sequence. 

For years it was assumed that charge conjugation, parity and time reversal 
were exact symmetries of elementary processes, namely those involving elec- 
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tromagnetic, strong, and weak interactions. However, a series of discoveries 
from the mid-1950s caused physicists to alter significantly their assumptions 
about the invariance of C, P, and T. An apparent lack of the conservation 
of parity in the decay of charged K mesons into two or three pi mesons 
prompted C.N. Yang and T.-D. Lee to examine the experimental foundation 
of parity itself. In 1956 they showed that there was no evidence supporting 
parity invariance in weak interactions. Experiments conducted the next year 
by Madame C.-S. Wu verified decisively that parity was violated in the weak 
interaction beta decay. Moreover, they revealed that charge conjugation 
symmetry also was broken during this decay process. The discovery that the 
weak interaction conserves neither charge conjugation nor parity separately, 
however, led to a quantitative theory establishing combined CP as a symme- 
try of nature. Physicists reasoned that if CP were invariant, time reversal 
T would have to remain so as well due to the CPT theorem. But further 
experiments, carried out in 1964, demonstrated that the long-life electrically 
neutral K meson, which was thought to break down into three pi mesons, 
decayed a fraction of the time into only two such particles, thereby violating 
CP symmetry. CP violation implied nonconservation of T, provided that the 
long-held CPT theorem was valid. In this theorem, regarded as one of the 
basic principles of quantum field theory, charge conjugation, parity, and time 
reversal are applied together. As a combination, these symmetries constitute 
an exact symmetry of all types of fundamental interactions. In any case, 
experiments are testing this CPT invariance - which up to now it has not 
been seen to be violated. 

CP and T-violation have important theoretical consequences. The vio- 
lation of CP symmetry enables physicists to make an absolute distinction 
between matter and antimatter. The distinction between matter and anti- 
matter may have profound implications for cosmology. One of the unsolved 
theoretical questions in physics is why the present Universe is made chiefly 
of matter. With a series of debatable but plausible assumptions, it can be 
demonstrated that the observed matter-antimatter ratio may have been pro- 
duced by the occurrence of CP-violation in the first fractions of a second after 
the Big Bang. But, contrary to our expectations, the CP- violation measured 
in particle physics insofar is not enough to generate baryogenesis. 
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1.2 Intoduccion General [espanol] 



La simetria es, tal vez, uno de los arquetipos mas asombrosos e interesantes 
de la raza humana. Desde las primeras motivaciones del legado artistico del 
homo- sapiens- sapiens, pasando por los egipcios, griegos, romanos, arabes y 
cada una de las civilizaciones, hasta el dia de hoy, la podemos percibir y 
sentir en una considerable cantidad de invenciones y creaciones de la mente 
humana. Su poder es tan fuerte que hasta a veces puede Uegar a corromper 
la frontera entre arquetipo e instinto. 

Arquetipo o instinto, la simetria ha demostrado ser una herramienta e- 
sencial para el desarrollo de la ciencia. Desde los primeros momentos de la 
Filosoffa Natural, Pitagoras siglo VI a.C, la simetria nos ha proporcionado 
importantes nociones, conceptos y senales sobre las leyes de la fisica y la 
naturaleza del Cosmos. Estos conceptos han hallado siempre una constante 
evolucion con el paso del tiempo y la profundidad del conocimiento, y es 
importante destacar algunos hitos en esta relacion. 

Hacia finales del siglo XVII I. Newton y G.W. Leibniz crearon el calculo 
infinitesimal, en particular, este ultimo desarrollo la notacion analitica, que 
reemplazo a la geometrfa en su papel de herramienta esencial para el estu- 
dio de sistemas fisicos. A primera vista, esto pudo haber parecido un paso 
atras en el arte de aprovechar las simetn'as para comprender los sistemas 
fisicos, pero en el siglo siguiente J.-L. Lagrange y W. Hamilton mostraron 
que esto no era asf. Inventaron el formalismo Lagrangiano, en el cual todas 
las simetrias del sistema son explicitamente incorporadas y trans formadas 
en leyes de conservacion. Mejorando asi considerablemente, con respecto a 
geometrfa, la profundidad de las nociones que las simetrias pueden aportar 
a las teorias fisicas en la comprension del Universo. Es mas, en este for- 
malismo muchas veces las simetrias mismas del sistema pueden determinar 
el Lagrangiano, y por ende toda la teoria fisica detras de el. Es claro, a 
este punto, que todos estos logros no hubiesen sido jamas posible sin un 
bagaje matematico que pudiese, primero definir simetria, y luego incorpo- 
rarla analiticamente a la teoria: esto fue la invencion de Teoria de Grupos en 
los siglos XVIII y XIX por los geniales matematicos J.-L. Lagrange y E. Ga- 
lois. Al dia de hoy, la simetria es uno de los conceptos protagonistas de la 
fisica y matematica moderna. Los dos desarrollos teoricos brillantes del siglo 
XX, la Teoria de la Relatividad y la Teoria Cuantica, incorporan nociones de 
simetria en un modo fundamental e irreemplazable. No seria una sorpresa si. 
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en un futuro, las Leyes de la Naturaleza terminan escribiendose unicamente 
en termino de nociones de simetria. 

Es claro que el estudio y analisis de las simetrias es esencial para la com- 
prension y el desarroUo de la fisica. En su estudio, la primera gran division 
ocurre entre simetrias continuas y discretas. En este trabajo proponemos es- 
tudiar, dentro del marco del sistema de mesones B en la fisica de partfculas, 
las simetrias discretas C, P, T y sus combinaciones relevantes CP, T y CPT. 

En fisica de partfculas, conjugacion de carga (C) es la operacion mate- 
matica que cambia los signos de todas las cargas de una particula, por ejem- 
plo, cambia el signo de la carga electrica. Conjugacion de carga implica 
que para cada particula cargada existe en contraparte una antiparticula con 
la carga opuesta. La antiparticula de una particula electricamente neutra 
puede ser identica a la particula, como es el caso del pion neutro, o puede ser 
distinta, como pasa con el anti-neutron debido al mimero barionico. Paridad 
(P), o inversion espacial, es el reflejo en el origen del espacio de coordenadas 
de un sistema de partfculas; i.e., las tres dimensiones espaciales y y z se 
convierten en — x, —y y — z, respectivamente. Inversion temporal (T) es la 
operacion matematica que reemplaza la expresion del tiempo por su nega- 
tivo en las formulas o ecuaciones de modo tal que describan un evento en el 
cual todos los movimientos son revertidos. La formula o ecuacion resultante 
que resta sin modificaciones luego de esta operacion se dice de ser invariante 
bajo inversion temporal, lo cual implica que las mismas leyes de la fisica 
se aplican en ambas situaciones, que el segundo evento es indistinguible del 
original. Una pelicula de dos bolas de billard que colisionan, por ejemplo, 
puede ser pasada hacia adelante o hacia atras sin ninguna pista sobre cual 
es la secuencia original en que ocurrieron los eventos. 

Durante aiios ha sido supuesto que conjugacion de carga, paridad e in- 
version temporal eran simetrias exactas de los procesos elementales, Uamese 
aquellos que involucran interacciones electromagneticas, fuertes y debiles. 
Sin embargo, una serie de descubrimientos de mediado de los 50 's causaron 
que los ffsicos alterasen significativamente sus presunciones respecto a la in- 
varianza de C, P y T. La aparente falta de conservacion de paridad en el 
decaimiento de los mesones cargados K en dos o tres mesones pi Uevaron 
a C.N. Yang y T.D. Lee a examinar los fundamentos experiment ales de la 
conservacion de paridad. En 1956 demostraron que no existia evidencia ex- 
perimental de invarianza bajo paridad para las interaccciones debiles. Los ex- 
perimentos llevados a cabo al aiio siguiente por Madame C.-S. Wu verificaron 
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definitivamente que paridad era violada en el decaimiento debil beta. Es mas, 
tambien revelaron que la simetria de conjugacion de carga era tambien vio- 
lada en este proceso. El descubrimiento de que las interacciones debiles no 
conservan ni paridad ni conjugacion de carga separadamente condujeron a 
una teon'a cuantitativa que establecfa la combinacion CP como una simetn'a 
de la Naturaleza. De este modo los fisicos razonaban que si CP era invarian- 
te entonces T deberia serlo tambien debido al teorema CPT. Sin embargo 
los experimentos siguientes, Uevados a cabo en 1964, demostraron que los 
mesones K electricamente neutros de vida media larga, que debfan decaer en 
tres piones, decaian una fraccion de las veces en solo dos de estas partfculas, 
violando asi la simetn'a CP. Provisto que valiese el teorema fundamental de 
CPT, violacion de CP implicaba tambien violacion de T. En este teorema, 
considerado uno de los pilares de teoria cuantica de campos, conjugacion 
de carga, paridad e inversion temporal son aplicadas todas juntas y, com- 
binadas, estas simetn'as constituyen una simetria exacta de todos los tipos 
de interacciones fundament ales. Cabe notar que constantemente se realizan 
experimentos para verificar la validez de la simetria CPT - que hasta el dia 
de hoy siempre se ha visto respetada. 

Las violaciones de CP y de T tienen importantes consecuencias teoricas. 
La violacion de la simetria CP permite a los fisicos realizar una distincion ab- 
soluta entre materia y antimateria. Esta distincion puede tener implicaciones 
profundas en el campo de la cosmologfa: una de las incognitas teoricas en 
fisica es por que este Universo esta formado principalmente por materia. Con 
una serie de debatibles, pero plausibles, presunciones, se puede demostrar que 
la relacion entre materia y antimateria que se observa pudo haber sido pro- 
ducida por el efecto de violacion de CP durante las primeras fracciones de 
segundo luego del Big Bang. Sin embargo, contrario a nuestras previsiones, 
la violacion de CP medida en fisica de particulas hasta ahora no es suficiente 
para generar bariogenesis. 

1.3 Let the games begin 
1.3.1 General considerations 

In 1973, nine years after the first measurement of CP-violation by Christen- 
son, Cronin, Fitch and Turlay [1] , the two physicist Kobayashi and Maskawa 
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published a paper [2] which explained CP-violation within the electro-weak 
SU{2) X f/(l) theory [3] only if a third generation of fermions would exist. 
In fact, the third generation was found years later and additional exper- 
iments confirmed what is now called the Standard Model. Kobayashi and 
Maskawa's theory, which is an extension of Cabibbo's universality [4], became 
the Standard Model explanation for CP-violation. Through the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix all source of CP-violation is reduced to 
one complex-phase coming from the fact of having three generations. This 
complex-phase has accounted for the CP-violation observed in the Kaons 
and also for the CP- violation measured in the B-sector since 2000 [5]. The 
consistency of the model, measured already in different sectors of particle 
physics, is up to now in very good agreement with the experiments. 

A geometrical description of the Standard Model CP-violation is done 
through the well known unitarity triangles. These triangles summarize all 
the information contained in the CKM-model. In the experimental and the- 
oretical fields physicists prove the Standard Model over- const raining these 
triangles. Any deviation would be a sign of physics beyond the Standard 
Model . 

Although the CKM-model has explained up to now all the experiments in 
particle physics, a very important observation in Cosmology remains unex- 
plained by the Standard Model CP-violation: the matter-antimatter asym- 
metry observed in today's Universe. Although the matter-antimatter asym- 
metry was accepted as one of the fundamental parameters of the big bang 
model through r] = r]haryons/Vphotons, it was not until 1967, three years after 
CP violation was discovered, that Sakharov pointed out in his seminal paper 
[6] that a baryon asymmetry can actually arise dynamically during the evo- 
lution of the Universe from an initial state with baryon number equal zero if 
the following three conditions hold: 

• baryon number (B) violation, 

• C and CP violation, 

• departure from thermal equilibrium (i.e., an "arrow of time"). 

Sakharov's work and successive works have studied how much CP violation 
was needed in order to get the matter asymmetric Universe that we see today. 
These works, together with particle physics and cosmology studies show that 
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the CP-violation given by the CKM-model is probably not enough to describe 
today's Universe. More sources of CP-violation are required to close a circle 
in Particle Physics and Cosmology. 

These experimental and theoretical facts have pushed physicists to study 
CP-violation, and to place in it a possible window where to find physics 
beyond the Standard Model . The search for such a physics goes through a 
wide range of possibilities, among the most important ones we could recall the 
existence of new quarks, the existence of Supersymmetry and the existence of 
more space-time dimensions. All of them include new phases and thus new 
sources for CP-violation. The refutation or acceptance of any new theory 
requires a deep understanding of the present theory. 

The recent measures of CP and T-violation and the forthcoming experi- 
ments in the B-sector, make B-physics one of the best places where to study 
the CP, T and CPT symmetries. The data to be collected by future exper- 
iments as Babar, Belle, BTeV and LHC-b are expected to give light on the 
problem. The comparison of the out-coming data with the theoretical pre- 
dictions may clarify whether the Standard Model with its unique complex 
phase can explain all the observed CP-violation or, on the contrary. New 
Physics is needed. 

CPT symmetry, contrary to CP and T, has not been measured to be 
violated [7]. Indeed, the CPT theorem [8] states that a quantum field the- 
ory that respects the four hypothesis of {i) locality, (ii) Lorentz invariance, 
(Hi) causality and (iv) vacuum as the lowest energy state, it will be CPT- 
invariant. In any case, the experimental and theoretical search for CPT 
violation is a hot topic [7, 9] , and its measurement would be a turning point 
in all physical theories and in the comprehension of the Universe. Through- 
out this work we propose not only several new observables for measuring 
CPT violation in the neutral meson system in a conventional manner, but 
also new observables to measure a novel kind of CPT violation [10] which 
accounts for the loss of particle-antiparticle identity. 

1.3.2 Structure of this work 

In this thesis we study, analyze and propose observables that are concerned 
with the violation of the discrete symmetries T and CP, and the possible 
violation of CPT. These analysis are performed in the B-meson system, where 
the high performance of the present experimental facilities (Babar, Belle, 
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BTev, etc.) and the promising future machines (SuperKek, LHC-b) make of 
it a very fertile field where to explore. The results of this work are divided 
mainly into two groups: the first corresponds to the analysis of T, CP and 
CPT violation in the mixing and decay of the correlated neutral B-meson 
experiment; whereas the second it is a study of a distinct expression of CPT 
violation that would appear as a modification of the initial state of the B- 
factories. 

In the first piece we study T, CP and CPT observables through the cor- 
related decays of the neutral _B-mesons into CP eigenstates and flavour spe- 
cific channels in a general framework. We analyze and compare the time- 
dependent intensities associated with the decays on both sides which are 
flavour-flavour, flavour-CP, CP-flavour and CP-CP eigenstates, in order to 
look for new characteristic effects and regularities. This analysis (in particu- 
lar the CP-flavour and CP-CP decays) requires an appropriate introduction 
and definition of the CP-tag, which we perform in this work. Needless to 
say, the observation of CP-CP decays, like {J/ipKs, J/ipKs), is highly de- 
manding in statistics: upgraded facilities, like the Super 5-Factories [11], 
would be needed for a complete study of them. The complete set of observ- 
ables allows therefore to close the circle for correlated decays into flavour 
and CP-eigenstates in the spirit of the theoretical study of Ref. [12] where 
the CP-tag was first introduced. The present results include the effect of 
the mixing and decay interference CP and T- violating parameter sin(2/3), 
the mixing CP and T- violating parameter Re{e), the lifetime difference AF, 
and the CPT violating parameter 6. The results we predict in this work, 
involving CP-flavour and double CP-CP decays, will over- const rain and test 
the Standard Model . 

In the second part of the results we analyze possible CPT violation ap- 
pearing, in this relaxation of the demand from Bose statistics due 
to distinguishability of — in the B-factories. This novel form of CPT 
violation is corresponded with a perturbative modification of the initial state 
of the i?°i?''-pair after the T(4S') decay. The parameter which accounts for 
this perturbation, o;, is unrelated to the parameter that measures CPT vi- 
olation through the time evolution of the B mesons, 5. The modification 
of the initial state introduces several changes, in particular we show in this 
work how 7^ accounts for what would be the demise of flavour tagging 
[13]. Besides of being an important conceptual change, this feature is mea- 
surable; we propose an observable for it which requires |a;p precision. In a 
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different set of time-dependent observables, we also propose to measure the 
equal-sign dilepton charge asymmetry, Agi, as a function of time and to seek 
for important behaviour changes in it which are linear in u. Briefly, we prove 
that uj ^ implies a time dependent Agi asymmetry with an enhanced peak 
for short At. We show that this is a very sensitive observable to explore the 
existence of CPT violation through uj. 

This work is divided as follows. Next Chapter contains an exhaustive 
study of CP violation in the Standard Model . In Chapter 3 we describe the 
correlated meson system and all the features in it. Inspired in the Weisskopf- 
Wigner formalism. Section 3.3 contains theoretical results about the impos- 
sibility of extending the definition of probability if the physical states were 
non-orthogonal. Chapter 5 describes the first piece of results of this thesis: 
after defining the CP-tag, analyzes the T, CP and CPT violation observables 
in all possible CP and flavour correlated neutral B-meson decays. Chapter 6 
is the study of the consequences of CPT violation through the modification of 
the B-factories' initial state. And at last. Chapter 7 contains the conclusions 
of the thesis. 
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Chapter 2 



CP violation in the Standard 
Model 

2.1 Introduction 

The first experimental evidence for CP-violation was obtained in 1964 when 
Christenson, Cronin, Fitch and Turley [1] observed the long-life neutral Kaon 
decaying to two pions. At that time this came to such a surprise that its 
origin could not be assigned either to weak interactions or elsewhere. Years 
later when the electromagnetic and weak forces were unified through the 
SU{2) X f/(l) electroweak Hamiltonian and the origin of the masses of the 
fermions could be explained through the Higgs mechanism, the situation 
changed. 

It was then in 1973 when Kobayashi and Maskawa [2] showed that the 
SU{2) X f/(l) theory could allow for CP-violation if the number of families 
of quarks is three or more. Although at that time there was experimental 
evidence for only two families, a few years later the third family was discov- 
ered. This discovery would set the Standard Model as the candidate theory 
to explain CP-violation. According to the Standard Model, CP-violation is 
all originated in what is going to be called the Cabibbo-Kobayashi-Maskawa 
matrix, or CKM matrix for short. 

In this chapter we will first introduce the C, P and T operators, and their 
relevant combinations CP and CPT, through their definition in the free field 
Lagrangian. Then we will analyze their action on the interacting Standard 
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Model Lagrangian, and at last study the CKM matrix and show how it 
accounts for all the CP-violation observed up to now in particle physics. It 
is worth noticing at this point, though, that in Cosmology CP-violation has 
important consequences, and the CKM-model is not enough to explain the 
observed matter-antimatter asymmetry in the Universe. If there would be 
found some extra CP- violation besides the Standard Model then we could be 
able to understand some explanation for this matter-dominated Universe. In 
this sense CP-violation is one of the possible windows where physicists look 
for physics beyond the Standard Model . 



2.2 Transformation of fields and currents 

The operations P, C, T, and their relevant combinations CP and CPT, are 
defined for free fields. The transformation requirements which define C, P 
and T at the level of the free Lagrangian Lq, do not determine the action 
of these operations completely, since an arbitrary phase can be included in 
the definition of each transformed field with no effect in the equations. We 
analyze first the basic discrete operations P, C and T, and then the combined 
transformations CP and CPT. 



Parity 

The parity transformation changes the sign of the space coordinates describ- 
ing the system, so that 



X 


_p 


— X 


p 


_p 


-p 


J 




J. 



The transformation of the fields upon parity is shown in the first column in 
Table 2.1. This general transformation includes arbitrary phases rji in the 
definition of transformed fields. The free Lagrangian Lq, is parity invariant 
for any phase of the transformed field. On the contrary, the transformation 
of the interaction terms involves relative parities for different fields and hence 
its invariance will depend on the value of the phases. P is a good symmetry, if 
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Field 


P 


C 


T 


scalar 


$(a;) 


e*''*$(-x, t) 






pseudo-scalar 


Pix) 


_e*'7pp(_f, t) 






fermion 


tp{x) 


e"/V'/^(_f, t) 








ip{x) 


e-'i^-^i-x, t)7° 






vector 


Vix) 


e'^^V^,{~x, t) 




-e<^-V^{x, -t) 


axial-vector 


At'lx) 


-e'^^^A^i-x, t) 







Table 2.1: Transformation of the free fields upon the discrete operations P, C 
and T. The phases rji, C,i and Q cannot be determined from the requirement of 
invariance of the free Lagrangian. Here C is a unitary 4x4 matrix satisfying 
the condition C~^7^C = — (usually taken to be C = 27^7''). 

it is possible to choose all the arbitrary phases r]i in such a way that L(x, t) — >• 
L{—x,t), so that the action, S, does not change under the transformation. 
But if P is broken, no choice of the phases will leave S invariant. 

Charge Conjugation 

The essence of Charge Conjugation operation is to change the sign of all 
internal charges. On the free fields, it exchanges the annihilation (creation) 
operators for particles and antiparticles. Notice, however, that since C is not 
a good symmetry of Nature, this does not mean that physical particle and 
antiparticle are exchanged. The action of C on the free fields is found in the 
second column of Table 2.1. 

Time Reversal 

The operation of time reversal corresponds to change the sign of t in the 
equations of motion. 

The operator T, on the other hand of P and C, results to be antiunitary 
and therefore cannot be an observable (this means that it cannot give rise 
to conserved quantum number analogous to parity). The action of T on the 
free fields is shown in the third column of Table 2.1. 
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Field 


CP 


CPT 


Jr{X) 


e^'^'^P'^— X, t) 

_pi(pp pU_^ f\ 

C 1 \ Ju ^ L J 


piXP pU — x) 


V^'ix) 
A^'{x) 


e^'t>i"^^C^'^{-x, t) 
-e-''^^'ip'^{-x, t)C-'^-f° 
-e''t"^V^^{-x, t) 
e'^^A\{-x, t) 


^ 1 OY \ ^ } 

e"*^''' ■?/'(— x)*75 


operator 


CP 


CPT 


c 


c 


c* 




gi(02-0i) ^2^^ 








ei(x2-xi) (^,75V'2)^ 






_ei(x2-xi) (^/;i7/^'i/'2)"^ 






_e»(x2-xi) (^/;i757^'^/;2)"^ 






e^(x2-xi) (^i(T^'^7/;2)"^ 



Table 2.2: Transformation of the free fields and the Dirac bilinear operators 
when acting with the combined operators CP and CPT. The phases 0j and 
Xi cannot be determined from the transformation of the free fields. 

CP and CPT 

The CP and CPT transformations are combined operations of the basic trans- 
formations C, P and T. The interest of these operations comes out when 
applied to the complete interaction Lagrangian, where besides the free fields, 
due to Lorentz invariance, we find the spinors describing fermion fields as 
bilinear operators. Therefore the CP and CPT transformation rules for free 
fields and for bilinear operators are shown in Table 2.2. The 0j and Xi ^"^^ 
undetermined phases until their value is needed in order to leave invariant 
-if possible- the interaction Lagrangian. 

Notice in the Dirac bilinear operators, comparing the CP and the CPT 
columns, how the operation T, when added to CP, completes the transfor- 
mation to retrieve -up to a phase- the hermitian conjugate of the original 
operator. This constitutes one of the keys to understand how, with an ap- 
propriated choice of phases, the CPT operator may always leave invariant an 
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hermitian scalar interaction. 



2.3 CP operation in the Standard Model La- 
grangian 

We have seen that the discrete operations C, P and T are well defined in the 
free Lagrangian and leave it invariant. The next step is to study the inter- 
acting Standard Model Lagrangian in order to analyze how these operators, 
in particular CP, act on it. 

The Lagrangian density of the Electroweak Standard Model [14] has a 
local gauge invariance under SU{2) x U{1). It can be symbolically written 
as [15] 

L = L{f, G) + L{f, H) + L(G, H) + L{G) - V{H), (2.2) 

where / represents the fermions, G the gauge bosons and H the scalar doublet 
in the theory. 

The hadronic sector consists of quark families, organized in SU{2) 
doublets, for the left-handed components, and SU{2) singlets for the right- 
handed ones. That is, there are N multiplets 



1 N. 



(2.3) 



As the theory contains N families of fermions with the same flavour 
charges, the generalized CP operation for quarks involves, instead of arbi- 
trary phases for each field, a unitary N xN matrix acting on fiavour space for 
the up sector, and an independent one for the down sector. The invariance 
condition for strong and electromagnetic interactions requires these matrices 
to be unitary, leaving them otherwise unfixed. We are interested in the way 
CP transformation acts on each piece of the Lagrangian Eq. (2.2). 

The first term in the Lagrangian, representing interaction between fer- 
mions and gauge bosons, reads, for the hadronic part. 



N 



L{f,G)=J2\{qvij),^i' 



di,-igi[--]Bf, 



1 + 



(2.4) 
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Left-handed and right-handed quarks interact in a different way, so that 
Parity is formally violated by this term. Charge conjugation is also broken, 
due to the simultaneous presence of axial and vector currents. Nevertheless, 
it is possible to choose the transformation phases for the different fields so 
that 



(x, t) ^ L( 



-x,t), 



if up and down sectors transform the same. Thus, in a theory with no scalar 
sector, where there is no connection between both sectors, the Lagrangian 
would be CP invariant [16]. 

However, in order to have CP-conservation in the whole Lagrangian, one 
needs to find a phase choice which leaves all the terms in L invariant at the 
same time. It is possible to show that L{G), L{G,H) and V{H) preserve, 
separately, P and C. So, it is left to analyze the transformation properties of 
L{f,H), that represents the interaction between fermions and scalars. The 
hadronic part of this term is 



N 
j,k=l 



yjkiqj.q'j) 



$(0)* 
-$(-) 



3'L 



$(+) 
$(0) 



h.c. 



(2.5) 



where Yji^ and Y-j^ are the Yukawa couplings, complex numbers that the 
Standard Model do not determine. 

After spontaneous symmetry breaking, in the unitary gauge the field 
becomes real, while disappears. So, out of the four degrees of freedom 
in the scalar doublet, three are absorbed by the longitudinal components of 
the W and Z bosons, which acquire mass in this way. What is left from 
LU\H) is 

N 



L{f,H) 
where 



SSB 



{^jkqjLqkR + m'-^q'j^q'^j^ + h.c. 



j,k=i 



1 



-H 



(2.6) 



m'jk = [M']jk 



V2 



Yjk 



-—¥' 
V2 



(2.7) 
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are the complex mass matrices, and H is the real field of the Higgs boson. 
Although M and M' need to be neither real nor hermitian, due to the struc- 
ture of gauge interactions any unitary transformation on the right-handed 
quarks is unobservable, it is possible to restrict ourselves to hermitian mass 
matrices without loss of generality [17]. 

The most general CP transformation for up and down weak quark fields 
is defined up to the N x N unitary matrices $, $' as 

q{x,t) ^ $7oCg^(-x,t), 

^ $'7oCg'^(-f,t). (2.8) 

The question is whether there is a way of choosing $ and $' leaving L 
invariant. Imposing CP-invariance to the mass term, we get the following 
condition on the CP matrices: 

M* = $+M$, 

M'* = $'+M'$' . (2.9) 

Being hermitian, M and M' can be diagonalized by unitary matrices 

M = U+DU, 
M' = U'^D'U' , 

with D = diag(m„, mc, mt) and D' = diag(mrf, m^, m;,). 

It is then immediate to find matrices $, which satisfy the conditions 
Eq. (2.9), namely: 

$' = U'^e^'^^'u'* , (2.10) 
where and 0' are real diagonal matrices given by = dia,g{9u, Oc, 6t) and 

0' = diag(e:,^;,^;). 

By construction, such a transformation leaves the mass term unchanged. 
However, when we look at its action on the charged current term, we get 

However, <I>^j$'jfc = ■ ^']jk and the Lagrangian will only be invariant if 

$' = $. (2.11) 
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2.4 The CP invariance condition 



We have seen that the problem of CP invariance of the Electroweak La- 
grangian reduces to the joint study of the transformation properties of the 
mass and the charged current terms. This is so because they involve com- 
mon quark fields, so that in order to have invariance of L, one needs to find 
a transformation which respects both terms. 

Such a study can be performed in any basis. Up to this point, all the 
analysis has been done in a weak basis, in which the charged currents are 
diagonal. We may as well move to the physical basis which is where one 
usually works, and wonder what the invariance requirements look like. 

Definite mass quark fields are given by 

u = qphys = Uq, 

d = q'phys = U'q'. (2.12) 
In this basis the two relevant terms of the Lagrangian read 

T - ( - -' \ ( U' ^ \ ( ^Vhys \ . 
^ - i ^P>^ys ^v^ys ) ^ D' )\ g;,,, ) + 

glphysL^.Vq'^^y.^W^' (2.13) 

being V = UU'^ , the quark mixing matrix also known as the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix. 

Since the phase of physical quark fields can be arbitrarily chosen, the 
most general V for quark families can be written in terms of N[N — l)/2 
moduli and (iV — 1)(A^ — 2)/2 phases [18]. This means that for three families, 
the mixing matrix is completely determined by four real parameters: three 
rotation angles and one phase. 

The mixing matrix V can be parameterized in multiple ways, according 
to the definition of parameters and the choice of quark phases for, under a 
redefinition of the type 

^ e'^'^d,, (2.14) 
the matrix elements change as Vij — > e*^'^-'~'^'-'Vij. 
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The change of basis affects also the CP transformation matrices $ and 
which transform as 

$' ^ ^' = U'<!>'U'^ = e"^'^' . (2.15) 

The transformation law for physical fields has then the same form of Eq. (2.8) 
with the transformed matrices $ and Then G and O' correspond to the 
CP transformation phases for the physical quark fields. 

These phases are not invariant under a rephasing of the physical fields as 
the one in Eq. (2.14). Such a rephasing corresponds to a rotation of the quark 

fields under a diagonal unitary matrix, so that also the CP transformation 

//\ //\ /f\ 

phases in G and 6' transform as 61 —>■ 6^ + ipy . 

Regarding Eq. (2.13), in the physical basis the mass term is diagonal, and 
thus invariant under a CP transformation (see Table 2.2). On the contrary 
the charged current interaction is not invariant, but transforms as 

yCP^2^ey*^-2^e'^ (2.16) 

SO that, for the Lagrangian to be symmetric, it has to be possible to find G 
and G' so that 

y* ^ ^-2iey^2ie' ^ (2.17) 

or either 

V;^ = V,je^'^''^-'^\ (2.17) 

Therefore, by means of a change of basis, we have moved all the CP problem 
to the charged current term. 

Two seconds of reflection show that if, as is the case of three generations, 
the CKM matrix V has at least one complex phase which is independent of 
the rephasing of the quarks, then Eq. (2.17) will generally not be satisfied. 
And therefore this is the Standard Model explanation for CP-violation in 
particle physics. 

NOTE: The invariance condition for V, corresponding to the physical 
basis, is equivalent to the relation we found by requiring invariance in the 
weak basis, $ = To show this we may consider a matrix $ in the weak 
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basis which satisfies both equahties in Eq. (2.9). When we transform it into 
the physical basis, it yields 



$' = U'^U'^, (2.18) 

so that 

$+F<|' = U*U'^ = V*, (2.19) 

q.e.d. 



2.5 The CP operators 

As we have learned in the previous Section, the Standard Model with three 
generations does not allow, in principle, to determine in a unique way a CP 
operator which leaves the Lagrangian invariant. Moreover, as experimental 
results have shown, the CP-operation is not a symmetry of the Universe and 
hence, in fact, there is not a CP operator which commutes with Nature's 
Lagrangian. 

However, although not totally determined, we can still define a family 
of CP-operators. We can label the variety of CP operators that come from 
different choices of the and G' matrices as CPee'- In fact, the CP trans- 
formation in Eq. (2.8) is written in the physical basis as 

Qphysji^^^) ~^ ^ ^loCq'physj{ — x,t) , (2 20) 

Qphysji^^t) — > -qp,.^y^j{-x,t)C ^7oe ^ 

where {j = d, s, b) and similar relations hold for the up sector but with no 
primes in the g's nor in the 6''s. Observe then, how in Eq. (2.20) is natu- 
rally defined each CPee' operator: its label through the diagonal matrices 
G and G' determines the transformation phases of each quark and therefore 
the PeQ>-operation\ 

This definition allows us to express formally the analysis of CP in the 
Standard Model and, as it will be shown in this work, to extract firm sen- 
tences and conclusions of what is known as the CP tag. 

The picture of CP in the Standard Model Lagrangian can now be writ- 
ten as follows: There is no choice of G and G' such that a CPee' operator 
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commutes with the Lagrangian, 



^ e and e' such that [CPee' , ^] = 0. 



(2.21) 



Whereas if the charged current piece [L'^'^) is extracted from the Lagrangian 
then the remaining Lagrangian commutes with any CPee', 



Moreover, the crucial point for the definition of the CP-tag is that although 
there is no CPee' which commutes with all the L'^'^, for some pieces of it there 
exist precise CPqq' which do commute. And thus there exist some decays 
which conserve CPee', hence providing a CP-tag. This idea is displayed in 
Chapter 5. 

2.6 The CKM matrix: hierarchy of flavour 
mixing 

In Section 2.4 it was shown how in the physical basis all the CP-violation 
gets reduced to occur in the charged current term, moreover, in the CKM 
matrix V of flavour mixing. In this section we advocate to study in depth 
the CKM matrix V, its parameterizations and its experimental values which 
define a hierarchy of flavour mixing in the different families. 

2.6.1 Parametrization of the CKM matrix 

Standard Parametrization 

In the case of three generations, three Euler-type angles and one complex 
phase are needed to parameterize the CKM matrix. This complex phase al- 
lows us to accommodate CP-violation in the Standard Model, as was pointed 
out by Kobayashi and Maskawa in 1973 [2]. In the "standard parametriza- 
tion" [19], the three-generation CKM matrix takes the following form: 



[C Pee' 5 L — 



L'==] = o, v(e,e'). 



(2.22) 




(2.23) 



25 



u 

' — 0(1) 
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I 

--- O(io') 
^ I 0(10 ^ 

Q=-l/3 Q=+2/3 

Figure 2.1: Hierarchy of the quark transitions mediated through charged 
currents. 

where = cos 9ij and Sij = sin 9ij . Performing appropriate redefinitions of 
the quark- field phases, the real angles 612, 6*23 and 6*13 can all be made to 
lie in the first quadrant. The advantage of this parametrization is that the 
generation labels i,j = 1,2,3 are introduced in such a way that the mixing 
between two chosen generations vanishes if the corresponding mixing angle 
9ij is set to zero. In particular, for 623 = O13 = 0, the third generation 
decouples, and we arrive at a situation characterized by the Cabibbo 2x2 
matrix. 

Wolfenstein Parametrization 

In Fig. (2.1), we have illustrated the hierarchy of the strengths of the quark 
transitions mediated through charged-current interactions: transitions within 
the same generation are governed by CKM elements of 0{1), those be- 
tween the first and the second generation are suppressed by CKM factors of 
O{10~^), those between the second and the third generation are suppressed 
by 0(1O~^), and the transitions between the first and the third generation are 
even suppressed by CKM factors of O{10~^). In the standard parametriza- 
tion Eq. (2.23), this hierarchy is reflected by 

S12 = 0.222 

S23 = 0(10-2) (2.24) 
= 0(10-3). 
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If we introduce a set of new parameters A, A, p and t] by imposing the 
relations [20, 21] 

= A = 0.222, 
S23 = A\^, (2.25) 

and go back to the standard parametrization Eq. (2.23), we obtain an ex- 
act parametrization of the CKM matrix as a function of A (and A, p, rj). 
Now we can expand straightforwardly each CKM element in the small pa- 
rameter A. Neglecting terms of (9(A^), we arrive at the famous "Wolfenstein 
parametrization" of the CKM matrix [22]: 

/ 1-|A2 A AX\p-i7])\ 

VcKM= -A AX^ +(^(A'). (2.26) 

\ AX^{1- p-ir]) -AX^ 1 / 

Since this parametrization makes the hierarchy of the CKM matrix explicit, 
it is very useful for phenomenological applications. 



2.6.2 Requirements for CP Violation 

As we have seen in the previous Section, at least three generations are 
required to accommodate CP-violation in the Standard Model. However, 
still more conditions have to be satisfied for observable CP-violating effects. 
These conditions can be obtained by working in the weak basis and imposing 

$ = $' 

to assure CP invariance in the charged current terms (see Eq. (2.11)). In 
this case the necessary and sufficient condition for CP invariance is found in 
Eq. (2.9). Using the matrices 

H = MM^ 
H' = M'M'^ 



these conditions read 

$ti/$ = H* = 
$ti/'$ = H'* = H'^. 



(2.27) 
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These are necessary and sufficient conditions for CP invariance with any num- 
ber of generations. In the case of three generations Eq. (2.27) is equivalent 
to [23] 

Tr[H,H'f = Q. (2.28) 

To see the physical meaning of this condition we can work in the weak basis 
where H is diagonal, H = diag{mf^, m^, mf}, to get 

(m? - mDiml - ml){m\ - ml) Im[H[,H',,H',,] = 0. (2.29) 

It is clear that if we would have chosen to work in the basis where H' is 
diagonal, then we would have obtained a condition analogous to Eq. (2.29) 
but with the down sector masses and the imaginary part of the Hij elements 
instead. Therefore we see that a condition for CP invariance is to have no 
degeneracy in the masses of the up and down sectors. Moreover, it can 
be seen [24] that Eq. (2.29) contains, beside of the relationship between the 
masses, the condition of reality of the CKM matrix. Adding up all together 
we write the necessary and sufficient condition for CP invariance as 

/ 2 2\/ 2 2\/ 2 2\ 

x{ml - ml){ml - ml){ml - ml) x Jcp ^ 0, (2.30) 

where 

Jcp = \lmm^V,^V:pVp\ (^ ^ j, a ^ /3) . (2.31) 

The factors in Eq. (2.30) involving the quark masses are related to the fact 
that the CP- violating phase of the CKM matrix could be eliminated through 
an appropriate unitary transformation of quark fields if any two quarks with 
the same charge had the same mass. Consequently, the origin of CP-violation 
is not only closely related to the number of fermion generations, but also to 
the hierarchy of quark masses and cannot be understood in a deeper way 
unless we have insights into these very fundamental issues, usually referred 
to as the "flavour problem" . 

The second ingredient of Eq. (2.30), the "Jarlskog Parameter" Jqp [24], 
is sometimes interpreted as a measure^ of the strength of CP-violation in the 

^The problem is that there is no unique CP-conserving reference in the Standard Model, 
so that the "relative" value of Jcp can be cither small or large. If the flavour mixing 
amplitude is A (as in if-physics) or (as in Bs-physics), CP-violation is small; if is A'^ 
(as in i?d-physics), CP-violation is large because the CP-conscrving probability is also A^. 
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Standard Model. It does not depend on the chosen quark-field parametriza- 
tion, i.e. is invariant under Eq. (2.14), and the unitarity of the CKM matrix 
implies that all combinations |Im(ViQ,V^/3V^^V^'^)| are equal. Using the Stan- 
dard and Wolfenstein parameterizations, we obtain 

Jcp = S12S13S23C12C234 sin ^13 = A^A^ry = 0(10"^), (2.32) 

where we have taken into account the present experimental information on 
the Wolfenstein parameters in the quantitative estimate. Consequently, CP- 
violation is a small effect in the Standard Model. Typically, new complex 
couplings are present in scenarios for new physics, yielding additional sources 
for CP-violation. 



2.6.3 The Unitarity Triangles 

Concerning tests of the Kobayashi-Maskawa picture of CP-violation, the cen- 
tral targets are the "unitarity triangles" of the CKM matrix. The unitarity 
of the CKM matrix, which is described by 

^CKM ■ ^CKM = i = VcKM " V^CKM; (2.33) 

implies a set of 12 equations, consisting of 6 normalization relations and 6 
orthogonality relations. Of particular interest are the 6 orthogonality rela- 
tions: 

VudV:, + VcdV;, + VtdVZ = [1st and 2nd column] (2.34) 
VudV:, + V,dV:, + VtdV,l = [1st and 3nd column] (2.35) 
VusV:, + VcsV:, + VtsVtl = [2nd and 3rd column] (2.36) 



V:dVcd + V:,Vcs + V:,Vcb = O [Ist and 2nd row] (2.37) 
y:bytb + V:,Vts + V:^Vtd = O [Ist and 3rd row] (2.38) 
V:dVtd + V:,Vts + V;,Vtb = [2nd and 3rd row]. (2.39) 

These can be represented as six "unitarity triangles" in the complex plane 
[25] - see Fig. (2.2). It should be noted that the set of Eqs. (2.34)-(2.39) 
is invariant under the phase transformations specified in Eq. (2.14). If one 
performs such transformations, the triangles corresponding to Eqs. (2.34)- 
(2.39) are rotated as a whole in the complex plane. However, the angles 
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Figure 2.2: Unitarity triangle for the bd sector where all sides are the same 
order of magnitude in the Wolfenstein parameter, namely A^. 



and sides of these triangles remain unchanged and are therefore physical 
observables. It can be shown that all six unitarity triangles have the same 
area [26], which is given by the Jarlskog parameter as follows: 

Aa = ^Jcp- (2.40) 

The shape of the unitarity triangles can be analyzed with the help of 
the Wolfenstein parametrization, implying the following structure for (2.34)- 
(2.36) and (2.37)-(2.39) respectively: 



0{X) 


+ 0{X) - 


l-C(A^) 


= 


[ds 


— triangle] 


(2.41) 




-0(A=^)- 


hOiX^) 


= 


[bd 


— triangle] . 


(2.42) 


0{X') -i 


-0{X^) - 


^0{X^) 


= 


[bs 


— triangle] 


(2.43) 



Where for purposes of this work we have remarked only to which triangle of 
the down sector corresponds each relationship. 

It is clear that the ds and 6s-triangles are much flatter than the bd- 
triangle, and this will have important consequences. As a matter of fact we 
will show in Chapter 5 how it is possible to take profit of it working in the 
Lagrangian only up to a given order in A. The rest could be worked out in 
perturbation theory. 
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Chapter 3 

The neutral meson system 



Throughout history the first neutral meson system to be known was the Kaon 
system, first discovered by Rochester and Butler in 1947 [27]. These particles, 
the and K'^, with the respective quark composition ds and ds, have a 
very special feature: they are strong interactions eigenstates which decay 
and may get converted one into the other through weak interactions. The 
consequences of this feature are rich in the purpose of testing CP-violation in 
the weak interactions. Since these particles decay through weak interactions 
they have relatively long lifetimes. And since they can be mixed also through 
weak interactions, any decay of one of the mesons with time evolution will 
include the interference diagram of the other one. In this way, if the charged 
current weak Hamiltonian, responsible of the mixing between and K^, 
is not invariant under any of the CP operators defined in Eq. (2.20) then 
CP-violating decays will occur in the K'^ — system. 

With the later discovery of heavier quarks, other similar meson systems 
were predicted and discovered, the following table summarizes the situation 



meson system 



particles 



quark composition 



Kaons 
charmed mesons 
bottom mesons 
bottom strange mesons 



^ s 1 ^ s 



ds., ds 

cu, cu 

db, db 

sb, sb 



Table 3.1 
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3.1 The formalism for the decays in the neu- 
tral meson system 



In 1955 Gell-Mann and Pais [28] developed the theory for the neutral Kaon 
system, which can be adapted for all the neutral meson systems. The Kaon 
decays should exhibit unusual and peculiar properties arising from the de- 
generacy of and K^. Although and are expected to be distinct 
particles from the point of view of strong interactions, they could transform 
into each other through the action of weak interactions. Consequently, 
or particles are not expected to decay in the simple exponential manner 
usually associated with unstable particles, instead they are rather described 
through the Weisskopf-Wigner [29] formalism. We describe now the results 
and tools of such a formalism. 

For the sake of clarity from now on we will not refer to an specific meson 
system, but instead we will describe the two particles of any of the meson 
system of Table 3.1 as P° and P^. 

3.1.1 Time evolution in the Weisskopf-Wigner approx- 
imation 

The Weisskopf-Wigner approximation is applicable for two particles and 
P^ which are unstable and decay through a different variety of channels. The 
Weisskopf-Wigner formalism shows that once the decay channels that connect 
the different particles are integrated out, the picture can be understood with 
the help of a non-hermitian effective Hamiltonian, H, which is responsible of 
the time evolution and decay of these particles. 

The different components of the H 2 x 2-matrix in the P°, P° basis are 

Hij = {P^\H\P^), po = po po = po (3.1) 

Notice at this point that there is a non-global phase indeterminacy in the Hij 
elements. This is due to the fact that the |P°) state has a free phase which 
comes from having the CP-operator defined up to the phase matrices as far 
as the weak Hamiltonian is not included. In this Chapter this indeterminacy 
will remain, meanwhile in Chapter 5 we will see how we can get rid of this 
indeterminacy through a useful choice of the CP operator. 
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Since H contains as well the evolution as the decay information of the 
meson system, it must contain an hermitian and anti-hermitian part, 11 = 
M -i/2T where 

M = ^-t^ and -zr/2 = :^^^, (3.2) 

both M and T hermitian matrices. 

The time-evolution of any state living in the 2-dimensional vector-space 
of P°, will be given through the time- evolving Weisskopf-Wigner eigen- 
states^. Id est, the two eigenvectors^ of H, namely p^^^^ and p^^^^ with 
corresponding eigenvalues /ii and fi2 evolve in time according to the Schro- 
dinger equation 

H\Pa ) = t^a\Pa ) (3.3) 

which implies a time evolution through the non-unitary evolution operator 

U{t)\Pr')=e-'^^^\Pr) « = 1,2. (3.4) 
(The notation is such that Greek indices indicate a Weisskopf-Wigner eigen- 
state meanwhile Latin indices indicate a flavour state.) Any given linear 
combination of them evolves as the same linear combination of the eigen- 
states evolved. Of course, since the /i^ = — i Ta/2 are complex, this time 
evolution implies a non-conservation of the probability which is due to the 
fact that the states living in this vector-space are unstable. 

In this way all the time evolution of the system is reduced to find i/'s 
eigenvectors and write the state function, as a linear combination of 
them. Any confusion that might arise from the fact of having non-orthonor- 
mal eigenvectors will be clarified in the next paragraphs. 

Generally speaking, when working with a non-orthonormal basis it is 
necessary to differentiate between coordinate and component of a vector in 
a given basis. Id est, given a state function that may be written as 

\^p)=x,\p^')+x,\p^^ o.s) 



^Notice that in the hterature these states are usuaUy identified as " mass-eigenstates" , 
in this work we wiU be more circumspect and we will use the above-mentioned name (see 
Section 3.3). 

^Notice at this point that the fact of having the off-diagonal terms in H different from 
zero implies the existence of two linear independent eigenvectors. 
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we say that Ai and A2 are the coordinates of on the vector basis. Mean- 
while, the components of the vector on such a basis are rji = (P^ lip) and 
7]2 = (P2^^' I'?/'). If the basis {P^^^} is non-orthonormal then Aq, 7^ rja- 

Once this is clear we realize that for the time evolution of any given 
state-function it is necessary to extract the coordinates of it. For the sake 
of concreteness in the following we write the eigenvectors of H as 

) ^ ( " ) (1-0 ( !?»0 ■ 

As a result, the coordinates of any vector in the Weisskopf-Wigner 
basis are 

x.={x^x):i{pr'\i^)- (3.7) 

The state into which is being projected in Eq. (3.7), 

\pr')=(x-xxyr')-x-.7'\ifi (3.8) 

may be found in the literature under the name of reciprocal basis [30] or 
out-state [31]. We recall that in terms of P° and the particle composition 
of Pq, differs from that of P^ . In fact, the reciprocal basis, or out- 
state basis {P^^^'}, has no physical meaning, it is only a tool to extract the 
coordinates of any given vector and that is the only use that shall be given 
to it. 

As it can be easily seen from Eq. (3.8) the reciprocal basis will differ 
from the regular basis only in the case that the set of eigenvectors of the 
Hamiltonian is not orthogonal. Notice that the non-orthogonality of H^s 
eigenvectors is not necessarily a consequence of non-hermiticity; the causes 
are analyzed in the following paragraphes. 

The operator for the effective Hamiltonian is written as 

H = \pr')i^i{pr'\+\pr')Mpr'\ 



p™),ipr-))( - : )i - : i. (3.9) 
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Id est, the Hamiltonian is being diagonalized through the eigenvectors' matrix 
as 



f^i 





(3.10) 



Using the reciprocal basis Eq. (3.8) to extract the coordinates of the state- 
function, it is easy now to get the time evolution due to the Schrodinger 
Equation (Eq. (3.3)): 



(WW) , 



{P2 1^(0)) 



(3.11) 



3.1.2 T, CP and CPT analysis in the time evolution 
(mixing) 

In the previous section the time evolution of the neutral meson states has 
been obtained within the Weisskopf-Wigner approximation. All the informa- 
tion for such evolution is contained in the effective Hamiltonian H matrix 
or, alternatively, in the eigenvectors matrix X. In this section we study the 
different properties of these two matrices and their relationship to the dis- 
crete symmetries in the time evolution, which will prove to be useful for a 
better understanding of the system. 

To begin the analysis, we first show how the symmetry-operations C, P, 
and T on H have immediate consequences on the matrix H written in the 
flavour basis. Acting on each matrix element we find, 

CPTV =^ ifn = -H"22 (3.12) 
CPV =^ Hn = if 22 and \Hi2\ = \H2i\ (3.13) 
TV =^ \Hi2\ = \H2i\ (3.14) 

where the moduli are due to the relative phase indeterminacy between the 
|P°) and |P°) states. 

The eigenvectors of H should be simultaneously eigenstates of CP if this 
were a good symmetry. Instead, under CP, T and CPT violation, the matrix 
X^ in Eq. (3.6) can be parameterized as 

x-=(^^ '0 = f ]V' Jr'sV (3.15) 

\P2 J \l + e2 -{I -€2) J 
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where the obvious normahzation constants in each row are not put in or- 
der to avoid visual saturation. It should be clear that these parameters are 
rephasing- variant, id est changes in the relative phases of the states are re- 
flected in a change in the epsilons. This indeterminacy will be removed in 
Chapter 5 when the P°(= 5°) state is deflned through a given CP-operator. 

The physical meaning of the parametrization in Eq. (3.15) is clear, as- 
suming |P°) = CP |P°), -ff's eigenvectors are parameterized as almost CP 
eigenvectors as far as ei,2 are small, id est 

|p(--)^ = \Pl) + e,Pl) (3.16) 

iPf"') = + (3.17) 

where 

|P^) = (P° ± P°)) (3.18) 

(It is clear that if ei,2 are not small, the parametrization is still valid and 
general.) 

In order to have a more direct connection between the discrete symmetries 
and the parameters, it is convenient to deflne 

e='-l±^ 5 = ^1^. (3.19) 

2 2 ^ ' 

In this way the T, CP and CPT symmetries or violations can be easily 
parameterized. It is convenient to note at this point that if, as supported by 
experiments [32], 5 is very small compared to e, then Re{e) 7^ is needed to 
guarantee that e cannot be rephased to zero. In fact, it is easy to see that if 
we have e = ix then the rephase 

^0 ^ ^Og— i arctan(a;) 

pO _^ pOgj arctan(3;) (3.20) 

makes e = in Eqs. (3.16-3.17). 

To analyze the relationship between the parameters (e, 6) and the discrete 
symmetries it is instructive to compute the evolution operator matrix in the 
flavour basis {P°,P°}, which reads 

/ -ifJ.lt Q \ 

m = X(\ X- (3.21) 
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_ -{ifh+^)t ( cosh(at) — ^5 sinh(at) — sinh(at) \ 
\^ — K_ sinh(at) cosh(at) + smh(at) J 

where 

Am Ar 

Ar = Ti — Am< = mi — m2, F = (Fi + F2)/2 and m = (mi + m2)/2. 

Under a rephasing of the states i— > e*'^, t-^ e~*^ the parameters 
rephase as 

^ K±e^'^"'-^^ (3.24) 
^ Ks. (3.25) 

Hence, there are five rephasing invariant parameters (l-R'+l, \K-\, Re{Ks), 
Im{Ks) and the phase of K^K_) which, due to the two real relationships 
contained in 

K+K. = l-Kl (3.26) 

get reduced to three physical parameters. 

In terms of e and 6 the number of parameters must be the same. In 
particular this is easily seen for the case of Bd mesons where a small AF 
implies a small Re{e) (see the demonstration below). In this case, we have 
that to first order in Re{e) and 6, Eqs. (3.22) and (3.23) say 



K, 



1 
26 



5 



1 + |e| 



and hence the three physical parameters which are rephasing invariant in 
this approximation (valid for the i?rf-system) are 



Re{e) Re{6) Im{6) 
1 + |e|2' 1 + leP' 1 + leP 



rephasing invariants (3.27) 
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It is worth to note at this point that if, as in Chapter 5, the relative phase of 
the states is defined by a CP-conserving direction then the four parameters 
included in e and 6 would have physical meaning; id est, Im{e) /I + |ep should 
be added in Eq. (3.27). 

With the evolution operator written explicitly in the flavour basis (see 
Eq. (3.21)), the T, CP and CPT transformed expressions of U{t) are ob- 
tained straightforward. In fact, the T operation transposes the U{t) matrix; 
the CP operation transposes it and exchanges Un U22', and the CPT 
operation exchanges Uu ^ 1/22- Therefore, from the matrix expression of 
the [/-operator we obtain the behaviour of the T, CP and CPT transformed 
operator as a function of e and 6: 

TU{e,6)T^ = U{-e,S) (3.28) 
CP f/(e, (5) CPt = U{-e,-6) (3.29) 
CPT f/(e, 5) CPT^ = U{e,-6) (3.30) 

From here, having into account that Re{e) 7^ is the requirement to guar- 
antee that e cannot be rephased to zero (see Eq. (3.20)), the relationship 
between the parameters and the discrete symmetries in the time evolution 
(mixing) follows 

TV Re{e) = 0, (3.31) 

CPV Re{e) = and 5 = 0, (3.32) 

CFTV ^ 6 = 0. (3.33) 

It is also useful to see the implications of measuring a non-zero value for one 
of the parameters, 

Re{e) ^0 ^ and ;3r (3.34) 
6^0 =^ jsr and i^pir (3.35) 

Conclusions in Eqs. (3.31-3.35) are general and their understanding im- 
plies a good insight into the formalism of the neutral meson system. 

It is also interesting to obtain the Hamiltonian operator parameterized in 
the flavour basis. This is easily done using the expression for the evolution 
operator in Eq. (3.21) and the expansion for small t 

U{t) ^ 1 - iHt; (3.36) 
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we obtain 



H 



'2 

-iK. 



m — — iKs a 



a 



m 



-iK. 



+ a 

f iKs Oi 



(3.37) 



Up to here we have worked with e and 6 at the same level. In nature, 
though, CP and T violations are much greater than CPT violation (if any). 
Hence, in virtue of Eqs. (3.31-3.33) we can work out interesting conclusions 
approximating 5 ~ 0. In fact, when studying T and CP violation this is an 
excellent approximation. In the remaining of this Section we assume CPT 
invariance, and thus e = ei = 62. 

Notice, in Eq. (3.15), that if CPT is assumed then pi = p2 = p and 
qi = q2 = q and X'^ is simply 



X 



T 



Moreover p and q values in term of i/'s elements are trivial, 



p 



H. 



21 



H 



(3.38) 



(3.39) 



12 



where the ± sign comes from the two different eigenvectors. A later assign- 
ment - through the eigenvalues - of the eigenvectors to each column of X 
will eliminate this indeterminacy. 

Taking the positive sign in Eq. (3.39) and using Eq. (3.15) yields 



V H12 — yH'. 



21 



VHv2 + yH'. 



(3.40) 



21 



It is interesting to notice that for the case of the neutral mesons having 
similar mean-lives - as with the Bd - the expression in Eq. (3.40) can be 
expanded in terms of the small rephasing- invariant parameter 21^- The 
result, renormalized to 1 



leP, is 



Ree 
1 + |e|2 

Im e 
1 + leP 



-Im 



1 

-- sm 
2 



21 



2M21 

4> + 



f o 

r2i 
2M21 



r 



21 



2M 



21 



(3.41) 
(3.42) 
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where M21 = |M2i|e*'^. As we see, we retrieve again that while Eq. (3.42) 
is phase dependent, Eq. (3.41) is rephasing-invariant. Also notice that in 
Eq. (3.41) we have the proof that for small AF, Re{e) is also small and 
proportional to it. 

Also a different expression for e may be obtained through the elements of 
r and M. Using that the eigenvalues of H accomplish 



2^Hi2H2i = /ii - /i2 = Am - -Ar (3.43) 



in Eq. (3.40) it is straightforward to get 

/m(ri2) + 2iIm{Mi2] 



2Re{Mu) - iRe{Tu) + Am - f AE 



(3.44) 



Also, from the real and imaginary part of the square of Eq. (3.43) other two 
practical relations may be obtained, namely 

|Mi2|'-^|ri2|' = Am^-^AF^ (3.45) 
/2e(Fi2M*2) = AmAF. (3.46) 

At last, in order to recompile the relationship between all the variables 
and parameters in game, we analyze the non-orthogonality of the Weisskopf- 
Wigner eigenstates ^. Assuming CPT invariance, the internal product of the 
two Weisskopf-Wigner eigenstates is directly proportional to 



(pr"vr"')oci- 



H 



12 



21 



ocARee. (3.47) 



Hence the real part of e is also directly related to the non-orthogonality of the 
eigenvectors. Besides this, another relationships can be found by studying 
the causes for \Hi2\ 7^ |-f^2i| or \Hi2\ = |i^2i| with the matrices M and F. It 
is easy to see that 

I^i2| = |^2i| ^ /m(Mi2F*2) = 0. (3.48) 
Moreover, for CPTv^ it is valid that 

/m(Mi2F*2) =0 ^ [M, F] = 0. (3.49) 
■^A complete probabilistic analysis of this non-orthogonality is given in Section 3.3. 
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On the other hand, for the mass and hfe-time difference the imphcation is 
only one way, 



Mi2 (or Tis) = 




/m(Mi2r*2) = 
Am {or AT) = 0. 



(3.50) 



We can summarize all the information by writing 



f3P in the mixing 



jp- in the mixing 

Re{e) ^ 

1^12 1 / 1 



> are equivalent (if CPT v^) 



(3.51) 



\H2l\ ^ 




[M,r]^o 

/m(Mi2r*2) ^ 



If, on the contrary, CPT would be violated then the analysis should be redone 
on the same steps (easy, but carefully): for instance, we might have jsr but 
Re{e) = 0, since it might be Tv^. 

3.2 The correlated neutral meson system 

As a last section in the study of the meson system, we describe and analyze 
the so called correlated neutral meson system. This is a very important 
topic, since a great part of the Kaon and 5-meson experiments are performed 
nowadays in a correlated preparation at the Phi and B factories, respectively. 

These factories began operating around 1999, and since then the B fac- 
tories (PEP-II and KEK-B) have exceeded their design peak luminosity and 
greatly exceeded the expected integrated luminosity, whereas the DAFNE 
Phi factory is still about a factor 5 below the design peak and total integrated 
luminosity [33]. We study here how the B factories produce correlated pairs 
of S-mesons, the B^B'^ initial state and the notion of tagging; the working 
of the Phi factories is analogous but, instead, produces pairs of correlated 
Kaons. 

The essence of a B factory is to create in an asymmetric electron-positron 
collider the upsilon (45') meson. 



e + e-^ T(45). 
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This is achieved by running the facihty at an energy in the center of mass 
system equal to the mass of the T(4S'). Once the T(4S') has been created, 
its decay is more than 96% of the times, through the Strong Interactions, to 
a BB pair, and from it half of the times corresponds to a correlated neutral 
pair [32]. 

The interesting physics for the purposes of this work comes out when 
the B mesons are neutral. In this case they mix each other and are indis- 
tinguishable in their weak decays, since there is no superselection rule to 
distinguish them, and therefore they must obey Bose statistics. The indis- 
tinguishability implies that the physical neutral meson-antimeson state must 
be symmetric under the combined operation CV, with C the charge conjuga- 
tion and V the operator that permutes the spatial coordinates. Specifically, 
assuming conservation of angular momentum, and a proper existence of the 
antiparticle state, one observes that for B^B^ states which are C conjugates 
with C = {—ly (with i the angular momentum quantum number), the sys- 
tem has to be an eigenstate of V with eigenvalue (—1)^. Hence, for i = 1 
(from the spin of the T), we have that C = —, implying V = —. As a result 
the initial correlated state B^B'^ produced in a B factory can be written as 

K) = ^ B\k)) - \B\-kl B\k))) , (3.52) 

where k is along the direction of the momenta of the mesons in the center of 
mass system. A system in a state as Eq. (3.52) is called a correlated neutral 
i?-meson system. 

To summarize and for future purposes, we remark that Eq. (3.52) was 
obtained using: 

1. conservation of angular momentum in the T(4S') B^ B^ decay, 

2. indistinguishability of B^ and B^ in their weak decays, and hence the 
Bose statistics requirement CV = +. 

The correlation in Eq. (3.52) makes very rich the experimental and the- 
oretical research since a first decay acts as a filter in a quantum mechanical 
sense and gives a precise preparation for analyzing the second meson still 
flying. In fact, due to the definite anti-symmetry in Eq. (3.52) the time evo- 
lution of the initial state leaves it, up to a global phase which we omit, with 
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its original structure but attenuated by an exponential factor, 

U{ti)®U{ti)\i) = e-^''\i) (3.53) 

Now suppose, for instance, a first decay B ^ X at time ti, then the state 
function of the second B meson at that time is projected to 

e-"*^ \Bx) = ^ [{X\B') \B') - {X\B') \B')] (3.54) 

which satisfies {X\Bx) = 0. (As required by Bose statistics, the same decay 
simultaneously at both sides is not allowed at any time after the creation 
of the initial state [53].) If the decay product X is flavour specific, we have 
a flavour tag and we can establish by the conservation law which was the 
complementary first state \Bx) decaying to X. The goal in Chapter 5 is to 
define an analogous tag, but for some CP-eigenstate decays. Id est, a CP-tag. 

3.3 Appendix: 

On the definition of probability using - 
non-orthogonal basis 

As it was studied in Section 3.1, several experimental facts in the neutral 
meson system may allow to have non-orthogonality in the Weisskopf-Wigner 
eigenstates, ^p^'^*^' |p^'^^^^ ^ q_ 

This feature needs a deeper discussion, since it means that when the state 
is in one of the Weisskopf-Wigner eigenstates, then it has some projection 
on the other such eigenstate. And thus at first sight, thinking with the usual 
Quantum Mechanics laws, there could be a transition. In this Section we 
will try to clarify this issue: we show that if the Weisskopf-Wigner states are 
assumed to be asymptotic states, then the usual Dirac definition of proba- 
bility is inconsistent to a gedanken-experiment we propose. In addition, we 
also show that some other possible generalizations of the definition of prob- 
ability are also inconsistent, we finally conclude that the Weisskopf-Wigner 
eigenstates should be taken as intermediate states and not as asymptotic 
observable states. 
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3.3.1 The Dirac definition, possible generalizations, 
and their problems 

Generally speaking, the -P°} space may be thought as an n- dimensional 
Hilbert space 7i, and the state function being u) G 7i. Using the Quan- 
tum Mechanic postulates in a gedanken-experiment, we will suppose that if 
a measure is taken through the Strong Interactions Hamiltonian then the 
result of measuring an observable distinguishable property of the particle 
when the state-function is u) must yield that the particle is either P° or 
P^. Analogously, if in a gedanken-experiment we measure a distinguishable 
property of the particle then the result must be either p^'^^^ or p^^^' . This 
gedanken-experiment is the basis of this Appendix. 

We will call {fj)} the orthogonal basis which describes the -P°} basis. 
And we will call {v[)} the basis which corresponds to the Weisskopf-Wigner 
eigenstate basis {P^"^ , P,^^ }, which we will assume non-orthogonal. As 
it can be seen, in order to use a more abstract notation, in this Section 
we adopt Latin indices for the flavour as well as for the Weisskopf-Wigner 
basis; the difference between them comes then solely from the not primed 
and primed vectors, respectively. 

In usual Quantum Mechanics, if the system is in the state u) and vi) 
corresponds to an observable, then the probability of measuring vi is 

P{vi\u) = = {u\vi) {vi\u) . (3.55) 

That is the component of u) on Vi), moduli square. This is the case for 
{vi)} orthogonal basis. In this case, the probability amplitude is given by 
the coordinate, equal to the component, along Vi) of the state u). 

If, instead, we are dealing with a non orthogonal basis, as {f,-)} then there 
are problems of conservation of probability. Let X be the change of basis 
matrix, 

v'j)=X,^v,). (3.56) 
The reciprocal basis, introduced in Eq. (3.8), is then 

v'^=X;r^v,), (3.57) 

and furnishes 

(v:,v^) = 6,,. (3.58) 
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Once introduced the notation, we propose the following two gedanken- 
experiments: 

a) The state of the system is u) = Vj) and we want to have that if we measure 
one of the {fj)} observables with the basis of the Strong Hamiltonian, then 
we will have either Vi) or V2) or . . . or Therefore if all the probabilities 
are to sum one, 

J]|(t;,K/.)P = 1^5;]|X.,f = 1 Vj (3.59) 

i i 

b) The other way around, u) = Vj) and we want to have that if we measure 
observables that correspond to the basis of the Weisskopf-Wigner effective 
Hamiltonian, then we will have either v[) or v'^ or . . . or v'^) . Therefore 

i i 

If X is unitary then satisfies Eq. (3.59) and Eq. (3.60), but if {v'^}} is non- 
orthogonal then X is non-unitary and -for the case of the neutral mesons- 
it does not satisfy such conditions. To see this we prove the anti-reciprocal: 

Proposition 3.1 If Eq. (3.59) and Eq. (3.60) are accomplished with the 2x2 
neutral mesons X, Eq. (3.38), then Re{e\ = and thus X is unitary 

Dem: quite simple, Eq. (3.59) imposes the known condition for normaliza- 
tion of the eigenstates which, assuming CPT invariance, read 

\p\^ + \q\^ = l^p,q = — /^^^ . (3.61) 

v/2(l + |e|2) 

Meanwhile Eq. (3.60) imposes 2|pp = 2|gp = 1 therefore Re{e} = as it was 
to prove, (q.e.d.) 

Notice that this proposition is not true for any non-unitary X, there exist 
even 2x2 non-unitary matrices which accomplish Eqs. (3.59,3.60). 



Therefore we see that, for the neutral meson system, the usual Dirac 
definition of probability Eq. (3.55) does not conserve the probability in the 
gedanken-experiment proposed. The sum of the probabilities is not unity. 

In order to generalize the definition of probability to non-orthogonal basis 
the following four reasonable conditions shall be required: 
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i) let this definition be reduced to the usual Quantum Mechanics' Dirac 
probability when the basis happens to be orthogonal; 

ii) let the probability of any measurement be real; 

iii) let the probability of any measurement be non-negative; 

iv) let the experiments a) and b) behave well in the sense that the sum of 
the probabilities is one. 

Since it has been shown that Dirac's probability does not work for non- 
orthogonal basis, a second choice is to replace Eq. (3.55) and define the prob- 
ability as the moduli square of the coordinates as in [30], 

P = coordinate ■ coordinate* 
P{v',\u) ^ Mu)\' (3.62) 

In this case Eq. (3.59), concerning experiment a), remains the same, but 
experiment b) instead now implies 

Yl\(^'M)\' = i^Yl\^r,'\' = ^- (3.63) 

i i 

But if this is true, the following proposition shows that X must be unitary, 
therefore by reduction ad absurd is proved that this second choice for the 
definition of probability Eq. (3.62) does not conserve probability for non- 
unitary X. 

Proposition 3.2 IfJ2i l^^iP = J2i l^jj^P = ^ f'^''" '^^^ j> '^^^'^ ^ unitary. 
Dem: first note that 

{v,v) = 1 ] 

(w,w) = 1 >^ {w,w)>l. (3.64) 

V ^ W ) 

In fact, since w =^ v \s valid the strict inequality \w\'^ + \v\'^ > 2Re{{w,v)}. 
Therefore using the other two hypothesis we get |wp = {w,w) > 1, as it was 
to show in Eq. (3.64). 
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In order to prove the proposition it is enough to prove the following: 

iE:ix:v™iTv,}-3,/i:ix-i/i. (3.5) 

Using i) we know that exist io and jo such that 

^.olo^^k- (3-66) 

Therefore if Vj = X*^^ and Wj = X~j then ii) implies {v, v) = 1, and X~^-X = 
1 implies {v,w) = 1. Since v ^ w because of Eq. (3.66), using Eq. (3.64) we 
get that iw^w) > 1, that is 

j 

If instead is in such that = X*., (j = 1 . . .n) then 

j;ix-;r = i. (3.68) 

Summing over all the cases of Eq. (3.67) and Eq. (3.68) we get 

J2Kr>n. (3.69) 

Therefore exists at least one j such that 

i 

And this proves the proposition (q.e.d.). 

Motivated by this failure, we attempt a third try to define the probability 
in such a way that condition iv) is furnished. The next possibility which, in 
a symmetrical way automatically furnishes condition ii), is 

P = -(coordinate ■ component* + coordinate* ■ component) 

Pivi\u) = ^ {{u\vi) {Vi\u) + {u\v^ {vi\u)) . (3.71) 
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With this definition we see that experiment a) gives again Eq. (3.59) and 
thus imposes the normahzation on the non-orthogonal states. On the other 
hand experiment b) imposes 

= 1 ^ i?e = 1, (3.72) 

which is automatically accomplished, i.e. a) and b) are well behaved. Thus 
the only condition that remains to be checked is in), i.e. the non-negativity 
of the probability. 

We will show, for the neutral meson system, that given any state-function 

u) = XiVi), (3.73) 

if X is non-unitary then there might be cases where the probability to mea- 
sure the {v'j}} observables will be negative. 

Proposition 3.3 With the definition of probability in Eq. (3.71) and given 
a state-vector as in Eq. (3.73), if for all A and j is Re{P{vj\u)} > then the 
neutral meson matrix X is unitary 

Dem: We have that the components and coordinates of u) on v'j) are 

components : Xi{v'j,Vi) = XiX*^, (j) (3.74) 
coordinates : Xi{v'j,Vi) = XiX^j^ , (j) (3.75) 

where (j) means that the index j shall not be summed. From it we have that 
Piv'^lu) = Re {X*XijXri^Xi} = Re {x*P,^pXi^ . (3.76) 
Where we have defined 

P}p = X,,X-,^ (3.77) 

which furnish 



^ P(i) = l 



(3.78) 



In order to extract the real part of X*PlpXi we write, since we are supported 
on the complex, P as a sum of an hermitian and an anti-hermitian matrix, 
H and A (for the time being we are not writing the index j on the Ps) 

P = H + A, H = H\ A = -A\ (3.79) 
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Therefore 

P{v'^\u) = Re {KPiiXi} = X*HuXi, (3.80) 
since H is hermitian it can be diagonalized by a unitary matrix C, 

H = C^DC, (3.81) 

D diagonal with the eigenvalues of H as the diagonal elements. Therefore 
Eq. (3.80) becomes 



P{v'^\u) = Re{X*PM = XlDrX = J2Du\~X\ 



(3.82) 



where = CgiXi. Observe that the Dn are real, thus we have to prove that 
if Dii > then X is unitary. 

At this point the demonstration will get reduced to the case of the Kaons 
or 5-mesons 2x2 X-matrix assuming CPT invariance. In this case is valid 



2 2g _ 
q_ 11 ^ I I £^ 

2p 2 / \ 4 1 q* "T p / 



-1- + ^ 

1 
2 



It is straightforward to see that both eigenvalues are greater or equal to zero 



iff 



< 2, which is possible only if 



p 




1 + e 


Q 




1 -e 



(3.84) 



id est iff Re{e} = 0. But this implies X being unitary, reduction ad absurd, 
(q.e.d.) 



3.3.2 Conclusions 

Through a gedanken-experiment, and four reasonable requirements for a 
probability, in the last three propositions we have shown, using different com- 
binations of components and coordinates, that they cannot generalize the 
usual Dirac definition of probability for the case of non-orthogonal - claimed 
to be - observables. As it is the case of the Weisskopf-Wigner eigenstates 
of the Kaons and 5-meson system. Of course, this should not be a sur- 
prise, since in Quantum Mechanics the observables correspond to hermitian 
operators whose eigenvectors are orthogonal. 
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Therefore, besides some other sophisticated combination of components 
and coordinates, we conclude that the eigenstates of the Weisskopf-Wigner 
approximation should be taken as intermediate states which make evolve 
the system, and not as asymptotic states - at least for Re{e} ^ 0. 

As an alternative point of view, observe that in the Weisskopf-Wigner 
picture the time-evolving eigenstates \Pj^^^) are the eigenstates oi H = 
M — |r with complex eigenvalues, fij. On the other hand, we have the 
eigenstates of the operator M, id est 

M|Pf ) = /if |Pf ); (3.85) 

and analogously the eigenstates of the hermitian operator F, 

T\Pf)=f,';\Pf). (3.86) 

Using Eq. (3.51) and some algebra, it is easy to show that 

Re{e} j^O^ < tt)Re{fi,} ^ /if 

[ iit)Im{fij} ^ -i/ij. 

Therefore the real and imaginary part of the Weisskopf-Wigner eigenvalues, 
fij, do not correspond to the eigenvalues of the mass (M) and width (F) oper- 
ators. Since Re{e} ^ 0, we cannot have a state with definite mass and width 
simultaneously. When usually one refers to a particle with definite mass and 
width, one actually is regarding a definite complex eigenvalue /i-,- associated 
with the time evolution: if [M, F] = 0, i.e. in absence of either CP viola- 
tion or non- vanishing AF, then i?e{/ij} coincides with /if whereas Im{fij} 
equals — |/if But this is not the case for the neutral meson system, in gen- 
eral. This agrees and strengths our conclusion that the Weisskopf-Wigner 
time-evolving eigenstates are to be taken as intermediate states responsible 
of the time evolution of the system. 
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Chapter 4 



T, CP and CPT violation, 
state-of-the-art review 



In the previous chapters we have studied the violation of the discrete sym- 
metries T, CP and CPT focused to their effects in the neutral meson system, 
in particular to the B-meson system. These studies are the essential tool 
to develop and understand the theory of the CP-tag and the tu-effect in the 
forth-coming chapters, where a variety of observables which explore the vi- 
olation of the above-mentioned discrete symmetries are presented. In this 
Chapter, as an intermediate point, we present a concise review of the T, CP 
and CPT violation experimental state-of-the-art, focused on the purposes 
aimed in this work. 

In this Chapter we describe the present picture of the experimental con- 
straints on the violation of the discrete symmetries. This is accompanied 
with a corresponding discussion of the theoretical framework. The informa- 
tion here contained should serve as a reference point for the prospects of 
future constraints or measurements of the respective observables. 

In the following sections we study separately each one of the discrete 
symmetries discussed above. 

4.1 Time reversal violation 

From a formal point of view, time reversal is an operation which changes the 
direction in which time flows. Since this is of course not possible from the 
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practical point of view, we analyze its mathematical equivalence, to change 
the sign of t. From here we see that if the operator T exists, then it must 
furnish 

TU{t)T~^ = U{-t). (4.1) 

From the existence of the inverse operator, and a one-to-one mapping, the T 
operator shall be either linear and unitary, or anti-linear and unitary, called 
anti-unitary. Considering the free particle case, it is immediate to obtain 
that T is anti- unitary [34]. 

Experimental direct measurements of T violation were not actually done 
until 1998 by the CPLEAR collaboration [35] . (Up to the date it remains as 
the only widely accepted direct measure of T violation with positive results.) 
In this experiment Kaons are produced through 

where the strangeness of the neutral Kaon is tagged by the sign of the ac- 
companying charged particles. If the neutral Kaon subsequently decays to 
evri/, its strangeness could also be tagged at the decay time by the charge of 
the decay electron: neutral Kaons decay to e"*" if the strangeness is positive 
at the decay time and to e~ if is negative. 

With this experimental arrangement the T-asymmetry 

, ... ^ \{K^\U{t)\K^)\'-\{K^\U{t)\K^)\' 
\{KO\U{t)\K^)\''+\{KO\U{t)\KO)\^ 

was measured. The Weisskopf-Wigner analysis for this asymmetry is done 
in Chapter 5, Eq. (5.24), and its prediction is 

MK'iW = (4.4) 
id est independent of time. The measured result, fitted to a constant, is 

{At[KO]) = (6.6 ± 1.3stat ± l-Osyst) X 10"^ (4.5) 

In the neutral B-meson system, the similar asymmetry has been measured 
by the asymmetric B-factories Babar and Belle, but in this case with results 
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which are still compatible with zero. In this experiment the flavour tagging is 
easier, since a first flavour-specific channel, as — >■ i~^X or — » £^X tags 
the second meson as B^ or B^, respectively. After a time At, a flavour-specific 
channel (not necessarily the same) determines the flavour of the second meson 
at the time of the decay. 

The asymmetry observed in this case is 



, ... ^ \{B^mAt)\B')\'-\{B'\UiAt)\B^)\' 



The predicted result is the same as for the Kaons, but with the e that cor- 
responds to the B-system, Eq. (5.24). The measured results are, fitted to a 
constant, 

, , _ (0.50 ± 1.20,t„t ± 1.40,j,,t) X 10"2 BABAR [36] , . 
{^rm) (_o.ii±o.79,t,t±0.70,,,t) x lO^^ belle [37] . ^^''^ 

Observe that the asymmetry in Eq. (4.6) is also a CP-asymmetry. As a 
matter of fact, it is an indicator of both CP and T violation in the B-mixing, 
and is usually referred as A^i. 



4.2 CP violation 

Although the phenomenology of CP violation is superficially different in K, 
D, B and B^ decays due to the different balance between decay rates, oscil- 
lations and lifetime splitting that govern each system, the underlying mech- 
anism of CP violation is the same for all pseudoscalar mesons; as studied in 
the previous chapters. 

In order to classify the three different kinds of CP violation existing, we 
first define the decay amplitudes of the meson P (neutral or charged) and its 
CP conjugate P to a multi-particle final state / and its CP conjugate / as 

Af = {f\H\P) , Af = {f\H\P) (4.8) 
Af-={f\H\P) , Af = {f\H\P). (4.9) 

(4.10) 

With this in mind the CP-violating effects are classified in three categories: 
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I. 



II. 



III. 



CP violation in decay, defined by 

\AjlA^\^\. (4.11) 

In charged meson decays, where there is no mixing, this is the only 
possible source of CP-asymmetries. 

CP (and T) violation in mixing, defined by 

Re[e) ^0 or ^ 1. (4.12) 

In charged- current semi-leptonic neutral meson decays P, P ^ i^X, 
this is the only source of CP violation, and can be measured via the 
semi-leptonic asymmetry Agi as in Eqs. (4.3,4.6). 

CP violation in interference between a decay without mixing, P° /, 
and a decay with mixing, P^ ^ P^ ^ f (such an effect occurs only 
in decays to final states that are common to P° and P^, including all 
CP-eigenstates). This CP violation is measured through 



MA/) 7^0, 



with 



qAf_ 
p A/ 



(4.13) 



(4.14) 



In Chapter 5, however, we demonstrate that this kind of CP violation is 
equivalent to another therein defined CPyi-violation that occurs solely 
in the single meson transition in the mixing. As explained below, this 
comes out from a right choice of the B-basis at the beginning and the 
end of the At-oscillation, which determines the phase of the states. 

From its discovery in 1964, CP violation has been established experimen- 
tally in the neutral K and B meson decays. The current state-of-the-art is 
the following, 

i) All three types of CP violation have been observed in — > vrvr decays 
[32]: 



Im{eK) 




1 -1- 

7r~ TT 



(7r7r)7^0. 



= (2.5 ±0.4) X 10-6 

1.657 ±0.021) X 10-3 
= (1.572 ±0.022) X 10-3 



(type I) 

(type II) 
(type III) 
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Notice that the parameters eK and e'^ -here defined- correspond to the 
historical notation used to describe CP violation in the Kaon system. 

ii) In the B-system it has been observed CP violation in interference of 
decays with and without mixing (type III), and also recently direct CP 
violation in the decay (type I). 

CP violation of type III has been observed in i? — > J/ijjKs and related 
b CCS modes ^. Within the Standard Model the predicted value 
for the coefficient accompanying sin(Amt) in the corresponding CP 
asymmetry is, to an approximation that is better than one percent, 

S^K = sin(2/?). (4.15) 

(This is computed in Chapter 5, Eq. (5.26)). The measured result for 
this coefficient is [32] 

S^K = Im{X^K) = 0.731 ± 0.056 (type III) . 



Direct CP violation has been observed in the CP asymmetry of the 
decay — > K~^7r~. In this decay the CP violation is due to the inter- 
ference between the tree diagram and the penguin diagrams, therefore 
there are large uncertainties related to the hadronic effects in the theo- 
retical predictions [38]. The experimental results from Babar [39] and 
Belle [40], respectively, are 

. fr.+ -0.133 ±0.030stat±0m9syst 

^^^^"^ " ^ = -0.101 ± 0.025.,., ± 0.005.L, ^^^P^ 



Searches for additional CP violation are ongoing in B, D and K decay, and 
current limits are consistent with Standard Model expectations. However, a 
dynamically generated matter-antimatter asymmetry of the Universe requires 
additional sources of CP violation, and such sources should be generated by 
extensions to the Standard Model. 

^see the B-meson listing in Ref. [32] 
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4.3 CPT violation 



CPT violation, at difference of the other discrete symmetries, is protected by 
the CPT-theorem [8], which states that a Lorentz invariant local quantum 
field theory must be CPT invariant. This implies that the observation of 
CPT violation would be a sensitive signal for unconventional physics from 
the theoretical and experimental point of view. For these reason, several 
works in this direction explore the possible violation of this symmetry. 

In particle physics, one of the most common experimental test of CPT 
invariance is the mass difference between a particle and its antiparticle. The 
most accurate measure corresponds to the Kaon system [32], 

l^^°-"^^°UlO-^^ (4.16) 



This limit, of course, corresponds to the K-system and does not constrain a 
possible CPT violation in other systems, as for instance the B-meson or high 
energy neutrinos where there is considerable work going on in this direction. 

In B physics there are experimental and theoretical efforts to test CPT 
invariance. The latest experiments seeking for CPT violation in the B^B^ 
mixing have used the flavour-flavour and fiavour-CP intensities results to 
put limits on Ks- The predicted results for each one of these intensities are 
found in Section 5.5, Table 5.2. The experimental results, fitted to these 
expressions for the intensities, have put the following limits on the CPT 
violating parameter. 



Re{Ks) = 0.020 ± 0.051,tat ± 0.050,^,,^, 

Im{Ks) = 0.038 ±0.02%tat±0.025syst, 

Re{Ks) = 0.00±0.12,t,t±0.0hy,t, 

Im{Ks) = -0m±0.01stat±0msyst. 



BABAR [41] 

(4.17) 

BELLE [42] 



Where the relationship between our Ks and Babar and Belle's CPT violating 
parameter z and cos(^), respectively, is the following 

Ks = z = - cos{9). (4.18) 

It is mandatory to notice at this point that CPT violation through the loss 
of indistinguishability of particle-antiparticle, as the one studied in Chapter 
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6 and Ref. [13, 10], has not been analyzed experimentally yet. In any case, 
we show in this work (Section 6.3.3) that existing experimental data on the 
equal-sign dilepton asymmetry constrains indirectly the value of tu. To do 
this we compute the time-dependent Asi{lj, At) asymmetry and compare it to 
the fitted-to-a-constant experimental result A^^^. By setting their weighted 
difference equal to two standard deviations we get the allowed values for u, 
namely 

-0.0084 < Re{cu) < 0.0100 95%C.L. (4.19) 
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Chapter 5 



T, CP and CPT violation in 
correlated B meson mixing and 
decays through the CP-tag 

In this Chapter we analyze in depth the 5-meson Golden Plate decay and 
the relationship of its structure to the definition of the CP a operator (see 
below). Through the use of the CP^ operator we show how in the two 
correlated i?-meson experiments the study of the C, P and CPT symmetries 
may get reduced to the S-mixing for the cases of CP Golden Plate and 
flavour-specific decays. We compute all the possible intensities relating these 
possible decays. Most of the results herein are found also in reference [43]. 

5.1 The B meson system: the Golden Plate 
decay 

In this section we will devote to study one of the most important decays in 
the subject of CP-violation in B physics. The Golden Plate decay, 

B° OT B° ^ J/iJjKs,l (5.1) 

has numerous virtues, one of the most important is that the QCD penguin 
correction has the same CKM phase as the electro-weak tree contribution 
[44]. Allowing this feature to work it out as if the decay would be through 
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B 



b 



71 



decay 



Figure 5.1: The Golden Plate Decay. The piece of the Hamiltonian that acts 
in the decay may be sub-divided and consequently find a CPes' operator 
that leaves invariant, up to A^, every part but the 5- mixing. 

the electro-weak tree diagram, forgetting about any interference pollution 
with QCD penguin diagram with different weak phases. Having a branching 
ratio of 8.7 x 10~^ [32] it has been the star of the first generation of 5-meson 
experiments in the search for CP-violation. It was through the Golden Plate 
decay that the first measurements of CP-violation in the B sector were made 



The Golden Plate decay, from the creation of the B until the decay to 
J/i/jKs{Ks — »■ 27r) may be divided into four different parts, (i) the mixing of 
the 5-meson, (ii) the electroweak tree decay into J/ip and a neutral Kaon, 
[iii) the mixing of the Kaon before it decays, and (iv) the decay of the Kaon 
in 27r or Stt. These divisions are sketched in Fig. (5.1). 

5.2 The determination of the CPqq' operator 
and the CP-tag 

We will show in this section that, when working up to in the Wolfenstein 
parametrization [22], exists a choice of G and G' that leaves invariant the 
Hamiltonian responsible of the Golden Plate decay without the 5-mixing 
piece. This will prove to be useful to place CP-tags in the two correlated 



[5]. 
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Figure 5.2: The electro- weak tree decay for the case 5' 



J/tljK^. 



5-meson experiment, as it will be discussed in next section. To this order in 
A, the reasoning of the CP-tag is parallel to that made for the flavour-tag. 

As it was mentioned in last section, the Hamiltonian responsible of the 
decay may be sub-divided into four pieces. The requirement of invariance of 
the pieces responsible of the electro-weak tree decay and the Kaon mixing, 
when the CPqq' operator acts, will determine the values of O'. (The decay of 
the Kaon will be negligible in the approximation of A^.) Notice also that the 
value of 0, the phases corresponding to the up sector, will not be determined; 
anyway, in next sections it will prove to be unimportant for the purposes we 
follow. 

The piece of Hamiltonian responsible of the electro- weak tree decay shown 
in Fig. (5.2) is 



Htree = (PF^CT^ (1 - Ts) Ks^) (1^+67"^ (1 - Ts) Kt^) + 

[W+sYil - 75)K:c) {W;;cril - l^Wcbb) (5.2) 

where s and c are the quark field operators, the first line corresponds to the 
decay 5° — > J/ipK^ and the second to 5° — ^ J/ipK^. 



In order to find the values of and 0' that satisfy [CPee', Htree\ = 0, we 
compute 




ee' — 



{W;-sY{l - 75)K.c) {W-cYil - l,)V*,h) e-2^(^^-^^) 
{W-cY{l - 75)K>) [W^b^'il - 75)M e2^(^^^^). 



(5.3) 
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where Eq. (2.20) and the results of Chapter 2 have been used. 

It is straightforward to see which is the condition to be satisfied in order 
to have Eq. (5.2) equal to Eq. (5.3): 

[CPee'.H,^ee] = « e^^'''^^''^) ^ (5.4) 

I ^cs Vcb\ 

On the other hand the piece of Hamiltonian involved in the Kaons mixing 
is a product of four charged current terms. A standard calculation [45] yields 
the effective current-current Hamiltonian for the mixing, 

r n 2 







x + ei 

■ (s7^(l - 75)d) {sY{l - l5)d) + h.c. (5.5) 

Where Gp is the Fermi coupling constant, 6w the Weinberg angle and = 
(mj/mvi/)^- The sum index i goes through the up quarks. 

When trying to find 9'^ — 6'^ requiring [GPqqi, Hx-mix] = it is clear that 
the three sides of the (is-unitarity triangle, V*.Vid will not permit it. Anyway, 
a simple observation on Eq. (2.41) shows up that if we work an approximation 
up to in the sides of the triangle, then the ds triangle collapses to a line. 
Getting in this way that all the sides have the same complex phase, the one 

determined, for instance, by the c side, i,/",/''. 

With this approximation it is straightforward to get, analogous to the 
electro-weak tree calculation that lead to Eq. (5.4) , the condition for invari- 
ance of HK-mix- 



(5.6) 

0(A4) 



As we see, approximating ^^*Io(a*) i^iplies taking no CP-violation in 
the /^-mixing. As a matter of fact this accounts for the fact of having the 
CP-violation in the ds sector much smaller that in the hd sector. Notice also 
that the direct CP-violation in the Kaons, which comes from the final decay 
of the Kaon into the Pions, may also be neglected since it is already smaller 
than the CP-violation in the /T-mixing. The order of magnitude in the rate 
of the direct to indirect CP-violation in the Kaons comes from the result 
e'/e ^ 10-3 (see Ref. [46] and Section 4.2). 
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Therefore we have already set the shape of the CPqq' operator that leaves 
invariant, up to A^, the Hamiltonian in charge of the Golden Plate decay after 
the S-mixing. For the sake of brevity we will call CPa the operator with 
the definitions of G and G' given above. For consistency the approximation 
O(A^) should be also taken in Eq. (5.4). Thus the CPa operator is defined 
through 



\V V*\ 



0(A4) 



(5.7) 



which simultaneously define the value of the phases for the hd sector, 



(5.^ 



0(A4) 



With this definition of the CPa operator one can define the CPa eigenstates 

as 

\B^,) ^ i= (15°) ± CPaIB')) ; CPa\B^,) = ±|i?±,). (5.9) 



The decay after the 5-mixing, conserves CPa- 



The CP-tag 

The results in Eq. (5.9) make now direct and natural the implementation 
of the CP-tag. To see this, we first write the initial state of a B-factory, 
Eq. (3.52), in the basis defined in Eq. (5.9): 

\t) = i= {\B^,{-k),B+,ik)) - \B^,{-k),B^,{k))) . (5.10) 

With the initial state written in this way, we repeat the reasoning of the 
flavour tag (see Section 3.2). We let the state evolve in time until the time 
ti of the first decay. As before, its definite anti-symmetry makes it keep 
its original structure and the only modification comes from an attenuation 
factor and an unimportant global phase which we omit, 

U{ti)®U{ti)\i) = e"^*^|z). (5.11) 
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Suppose now a first decay B J/ipKs at time ti, then the state function is 
projected at that time to 



\^jm^) = -^[{J/^Ks\B^a)\B+a) - {J/i^Ks\B^A)\B^A)] 



V2 



Aj/^Ks \B+a)- (5.12) 



Where in the last step we have used {J /ipKs\Bj^A) = 0, since the CPa 
operator commutes with the piece of Hamiltonian in charge of the decay and 
J/ipKs is a CPa = — eigenstate. In this way we placed a CP^-tag (CP-tag 
for short) in the second meson flying. (If the first decay is to J/ipKi the 
reasoning is analogous but the second meson flying will be -B-a-) 

5.3 Time evolution with the rephasing- inva- 
riant e and 5 

We have studied in Chapter 3 the time evolution of the neutral meson system 
using the Weisskopf-Wigner approximation. At that level, though, e and 5 
were rephasing variant quantities due to the ambiguity in the relative phase 
between P° and P^. In this Chapter, instead, we will take profit of the 
existence of the CPa operator to define e and 5 through the Weisskopf- 
Wigner eigenstates for the B system as follows. 



1+e+S l-€~5 



J_ i V^+l^ Vi+k+'JP \ ( B^ 

/2 M -l+e^S I fjp ^0 



(5.13) 



As it can be seen, with this definition of =CPa \B^) there is no more a 
relative phase ambiguity between B^ and 5°, and therefore the parameters 
e and S in Eq. (5.13) are rephasing- mwarmnt. The time evolution of the 
Weisskopf-Wigner eigenstates is 

UiAt)\BL,H) = e-*'^^'«^*|i?i,H), (5.14) 
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where fik = f^ik — fr^, but now the CPa information is contained in the 
eigenvalues and eigenvectors through the parameters. 

Observe that the evolution operator constructed with these eigenstates 
has the exact same form as the one obtained in Eq. (3.21), but now e and 
5 refer to rephasing-invariant quantities which include the information of 
the CP^-operator's definition. This means that if the same analysis which 
leads to Eqs. (3.31-3.35) is performed here, then we must make two important 
modifications in the conclusions: {€) we must refer to e (and not only to Re{e)) 
in the logical implications in Eqs. (3.31-3.35); and (ii) the conclusions now 
refer to CP^-violation in the time evolution, or equivalent, to CP violation 
in the interference of the time evolution and the decay. This is because the 
choice of the CP^ operator through the Golden Plate decay incorporates the 
information of the CP-direction of the decay into the definition of the CP^ 
eigenstates which evolve in the mixing. 

Although the 6 parameter plays a major role in discussing the CPT vio- 
lating observables, it is useless to keep it while analyzing exclusively CP and 
T violation, since its effect in those cases is negligible. Hence, it is useful 
for future purposes (Section 5.5) to obtain important results concerning CP 
and T violation using the approximation 6^0. This is what is done in the 
remain of this Section. 

First we would like to point out the relationship between this e-rephasing 
invariant picture and the also common used notation in CP-violation of the 
A-parameter [47], which resumes the information of mixing times decay. If 
CPT is assumed then q/p is defined to be the mixing parameter between the 
rephasing-variant — B^, the decay amplitude is ^ = {fcp\SHA\B^), and 
the value of A is defined to be 

q ^ 

A = — - = rephasing invariant quantity. (5.15) 
pA 

Taking into account the invariance of 5Ha under CPa, one gets the connec- 
tion 

±^ = TT^ = -\/F- (5,16) 

1 + e V 

where the sign depends on the final CP-eigenstate, and 1 = 5° and 2 = 
CPaB^. Although the equivalence is clear in Eq. (5.16), it is shown in this 
Chapter that using the e-picture makes possible to reduce the CP-violation 
to transitions between well defined neutral 5-meson states. 
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Assuming CPT and AF = it is easy to get two profitable relationships 
which are obtained by using Eq. (5.16), the choice of CPa in Eq. (5.8) and 
the top-quark dominance in the mixing: 

Mm = (5.17) 

cos(2/3) = (5.18) 
1 + er 



where /3 is the well known CP-phase between the top and charm sides of 
the b — d unitary triangle, P = arg ^ is obvious that these im- 

portant relationships can only be obtained if e is rephasing-invariant. The 
sign connection of Eq. (5.18) depends on the e definition in Eq. (5.13), id est 
the sign of cos(2/?) is sensible to the preferred CP-parity of each Weisskopf- 
Wigner eigenstate. (Recall that it is possible to distinguish and label the light 
eigenstate (-Bl) by having the smaller real part of the eigenvalue.) The Stan- 
dard Model expectation cos(2/3) > 0, measured in Ref. [48], leads through 
Eq. (5.18) to a state with preferred CP-parity equal to CP-. 



5.4 The Intensity and its reduction to 
5-transitions 

We now proceed to describe the experimental variable to be measured in a 
correlated B meson decay, the intensity [49]. Under the assumption of an 
initial state as in Eq. (3.52) the probability density of having a decay into 
X with momentum —k at t = ti and a decay into Y with momentum k at 
t = ^2 > ^1 is 

p{X{h),Y{h)) = \{X,Y\U{h) ^U{hm^ (5.19) 

U{t) being the (non-unitary) evolution operator that corresponds to a single 
B meson, defined in Section 3.1.1. Since the important experimental variable 
is At = t2 — ti we define the so-called intensity, I{X, Y, At) = At- variable 
probability density of having an X decay and, after a time At, a Y decay 
on the other side. After performing a change of variables to At and ti and 
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integrating in ti it results 

poo 

I{X,Y,At)= dti\{X,Y\U{ti)®U{At + ti)\i)\\ (5.20) 
Jo 

In order to solve this integral we reason as follows. At t = ti, when the first 
decay to X, if X is a flavour or Golden Plate decay then we know that the 
decay comes from a \Bx)- The projected remaining state is \Bx). In this 
way the only appearance of the variable ti will be in the attenuation of the 
norm of the state due to the elapsed time since the creation of the 5-mesons. 
Therefore we may re-write the integral in Eq. (5.20) and solve it as follows 

POO 

/(X,r,At) = / dtie-^^''\{X,Y\l®U{At)\Bx,Bx)\^ 
Jo 

= ^\Ax\W\Ts,sA^t)\'. (5.21) 

Here T is the average width of B-mesons, and TbyBx{^'^) = {BY\U{At)\Bx) 
is the transition amplitude in the mixing of the corresponding states. Notice 
that in writing Eq. (5.21) we have assumed a conservation law in the Y 
decay, id est, it may be flavour or Golden Plate decay. In this way we 
have transformed the integral expression of Eq. (5.20) in the explicit result 
of Eq. (5.21) in terms of a 5-meson transition, developing a powerful tool for 
the calculation of intensities. 



5.5 The Intensity for correlated neutral B- 
meson decays 

In this Section we compute the intensities of all possible correlated decays 
concerning CP and flavour channels. In order to explore the T, CP and CPT 
symmetries we express them as a function of the above studied rephasing 
invariant parameters e and 6. 

The general expression for the intensity reads (Am = rriH — ttll and 
AT = Th- Tl) 

1 -rAt 

I{X,Y,At) = ^^r- |AxP|Ay|2{acosh(^) + bcos{AmAt) 

+ c sinh (^^) + d sin( AmAt) } . (5.22) 
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The coefficients are easily calculated using Eq. (5.21) once the Tij{At) are 
computed using the time evolution of the Weisskopf-Wigner eigenstates. For 
the sake of clarity we write the curly bracket expression valid up to first 
order in AF and 6 and zeroth order in their product, AF5 ^0. In the AF 
expansion one has that if CPT is assumed then -see Eq. (3.41) - 

Ree 

— ^oc/m(F2i/M2i), (5.23) 
1 + |ep 

which is proportional to AF, thus we can parameterize in this case 

1 + |e|2 

In Eq. (5.22) we will approximate that cosh(-^At) ^ 1, sinh(^At) ^ 
■^At, and keep only ffist order terms in Re{e) and 5 in the coefficients a, 
b and d, and zeroth order in the coefficient c. The product 6 Re{e) will be 
neglected according to Eq. (5.23). The results for the different possible decays 
(flavour- flavour, fiavour-CP, CP-flavour and CP-CP) are found in Tables 5.1- 
5.3. We analyze separately each case. 



Flavour-flavour decays 



decays 


(/^/+) 


(/-,/-) 


(/+,/-) 


(r,/+) 


transition 


B2 Bi 


Bi — > B2 


B2 B2 


B^^B^ 


a 






1 


1 


b 






1 


1 


c 














d 








2Im(6) 
1+kP 


2Im{S) 



Table 5.1: Correlated dilepton decays, described by flavour-flavour transi- 
tions. The notation is self evident, the ffist row indicates the two final decay 
products, the second row shows the one meson transition that happens in the 
mixing (1 = 5°, 2 = CPaB^); the remaining four rows are the coefficients 
for the respective intensity, see Eq. (5.22). 
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The coefficients in Eq. (5.22) for correlated flavour-flavour decays are 
found in Table 5.1. Here the ffist two columns are conjugated under CP 
and also under T. The corresponding equal-sign dilepton charge asymmetry, 
also known as Kabir asymmetry [51], becomes exactly At-independent and 
determined by 



A. 



/(£+,£+, At) At) 

/(£+,£+, At) +/(£-,£-, At) 
ARe{e) 



e 



2 



4a; Ar. (5.24) 



This is a genuine CP and T violating observable, which needs both the vio- 
lation of the symmetry and the absorptive part AF ^ 0. 

The asymmetry built from the third and fourth columns of Table 5.1 is 
a CPT (and CP) observable: 

/(£+,r,At)-/(r,f+,At) ^ ^ sin(AmAt) 

/(£+,£-, At) +/(£-,£+, At) l + cos(AmAt) ■ ^' ' 

Any deviation from zero in this observable would be a signal of CPT viola- 
tion. 



Flavour-CP and CP-flavour decays 

The coefficients for the fiavour-CP and CP-flavour correlated channels are 
found in Table 5.2. If CPT is not violated then for each flavour-CP decay, 
its CPT transformed CP-flavour decay would have the same intensity. This 
is seen in each column by setting 5 = 0. 

If we assume CPT invariance (5 = 0), the comparison between the second 
and fourth columns allows to build a CP-odd asymmetry. (An alternative 
CP-odd asymmetry can be obtained from the comparison between the ffist 
and third columns.) In the limit of AF = 0, they are equivalent and corre- 
spond to the well known measurement of sin (2/3) in the Standard Model: 



/(/-,A5,At)-/(/+,i^5,At) 



^CP 



I{l-,Ks,At)+I{l+,Ks,At) 



= sin(2/?)sin(AmAt), (5.26) 

Ar=5=o 



where Eq. (5.17) has been used. The measurement of this asymmetry by the 
B factories has been the major success of CP violation studies in B physics by 
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decays 



(I- ,Ki,)/{Ks,l-) 



B+A I -B+~ 



(;-,Ks)/(Kt,i-) 



transition 



l+l.';!^ 1+1' 



T2 



4Jm(t) Jm(^) 



1+1' 



4Jm(e) JTn(a) 
1 + l'P 1 + 1' 



1+1' 



l + I^H 1+1 



4Jm(.) Jm(i) 

1+l'P T+Rp' 



1 + 1' 



(i+,Kj,)/(y.;7rn~ 



(i+. Xs)/(Kj.,i + ) 



B2 ^ B^aT^- 



T2 



fig('i) 



4Jm(0 Jm(i) 



±2i 



4Jm(0 Jm(^) 

1+|€P 1 + 



1+1' 



1+1' 



4Jm(.) I^jS) 
l+l'l^ l+l'l^ 



1 + 1' 



T2 



TXTTT^ TXTTT^ ' i+i^i^ i+|e i-^ 



1+1' 



1+1' 



i+l'l^ 



i+l'l^ 



Table 5.2: Correlated fiavour-CP and CP-flavour decays. Each column 
contains the information of two decays which are connected by CPT. The 
flrst decay {flavour, CP) is described by the upper sign, and the second 
{CP, flavour) by the lower sign. As expected, both decays in each column 
are related by the S — —6 replacement. Notation is as in Table 5.1. 



testing the CKM sector of the Standard Model . From its flrst measurements 
in 2000 [5] up to present day, the value of P has acquired a striking precision 
(which is still improving): 

• (OS) - 0.34 ±0.25 (Babar 2000) ^ sin(2/5) = 0.731 ± 0.056 

sin( P) - Q gg ^ Q 20 (Belle 2000) ' (Babar+Belle 2005) 

A direct test of T-violation can be performed also using the advantages 
of the CP-tag. Regarding the meson transition in the mixing it is easy to 

see that I{i~ , Ks, At) — > I{Kl, At), and hence a T asymmetry is easily 
built and computed as 

I{i-,Ks,At)-I{KL,i+,At) 



A 



T 



I{i-,Ks,At) + I{KL,£+,At) 



= sin(2/3)sin(AmAt). (5.27) 

Ar=5=o 



A measurement of At 7^ is a direct measurement of T violation. 

A non-genuine asymmetry can be built using the At-operation, consisting 
in the exchange in the order of appearance of the decay products X and Y. 
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The result, in the hmit of CPT invariance and vanishing AF, is 



A 



At 



Ii£~,Ks,At)-IiKs,r,At) 



I{i-,Ks,At) + I{KsJ-,At) 



sin(2/?)sin(AmAt). (5.28) 



Ar=5=o 



The equahty = A^ should not be a surprise within the approximations 
here performed: for CPT invariance, in the exact limit AF = 0, At and T 
operations are equivalent. This is valid for Hamiltonians with the property 
of hermiticity up to a global (proportional to the identity) absorptive part. 

If we re- analyze the three asymmetries Aqp, At and A^t relaxing the 
approximations of CPT invariance and vanishing AF, we find that their 
equality does not hold any more. Using the results in Table 5.2 it is easy to 
show that 



AT^O 
5 = 

AT^O 
5^0 



Acp = At^A 



At 



(5.29) 



Acp ^At^ AAt ^ Acp 



From here, we see that 6 = implies At = Acp] this is an explicit demon- 
stration that the violation of CP balances the violation of T if there is CPT 
invariance. On the contrary, if 5 7^ 0, we have 



Acp — At - 

Um{e)Im{6) 
(l + |eP)' 



1 



2Jm(e) 



sin(AmAt) 



:4 



Re (6) 



sm 



Im{6) 
1 + |e|2 
AmAt 



sin(AmAt) 
C(AF 6, 6^), 



which is another observable for CPT-violation. 

At last we will extract from table 5.2 an observable to measure AF, 
assuming CPT invariance. This is easily done once we notice that, if 5 = 0, 
the first and fourth columns (or the second and third) are connected by the 
CPAt-operation. They should also be equal by CPT-invariance if AF = 0. 
The presence of AF 7^ will induce a CP At -odd asymmetry which is linear in 
AF, i.e. a fake CPT-odd asymmetry induced by absorptive parts. Explicitly 
[52] one has 



I{Ks,l+,At)-Iil-,Ks,At) 



I{Ks,l+,At)+I{l-,Ks^At) 



AF 



<5=0 



1 + sin(2/3) sin(AmAt) 



(5.30) 
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|-^cos(2/3) +4xsin^ ^ AmAt ^ + 2xsin(2/3) sin(AmAt)| 

where Eqs. (5.17) and (5.18) have been used. 

The three terms of Eq. (5.30) contain different At-dependence, therefore 
a good time resolution would allow the determination of the parameters. No- 
tice that -as expected- the asymmetry is linear in AF. In addition, cos(2/3) 
-a quantity of high interest to remove the two-fold ambiguity in the mea- 
surement of /?- is accompanied by AF. We conclude that the comparison 
between the {Ks,l~^) and {l~,Ks) channels is a good method to obtain in- 
formation on AF, due to the absence of any non-vanishing difference when 
AF = 0. 



CP-CP decays 



decays 




{Ks,Ks) 




transition 


B-A—" B+A 


B+A B^A 




a 


( 2Im{e) \ ^ SIm{e) Im{6) 


( 2Im{e) \ ^ 8Im{e) Im{S) 
\ ) ' l + |eP 




b 


( 2Im(e) \ ^ 8Im{e) Im{5) 

\ i+W ) ' 


/2/m(e)\^ 8Im{e) Im{5) 
[ ) l + |eP 




c 










d 













{Kl,Ks) 






B-A B-A 


B+A B+A 










{2Im(e)Y 

\ ) 


{2Im(e)Y 






^l + |e|2 






Q He e Ime 



Table 5.3: Correlated CP-CP decays. The notation is as in Table 5.1. 
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Although the case of correlated decays to CP eigenstates on both sides is 
suppressed by a branching ratio factor of 10~^, the high accumulated statistic 
at present day (~ 2x10^ BB pairs) and the possible future upgrades to Super 
B-factories [11] makes worth their study. The coefficients in Eq. (5.22) for 
these decays, which need the CP-tag tool, are found in Table 5.3. 

The transitions of the first two columns are connected by T and, as these 
channels consist of CP-eigenstates, by CPT-operation. Their asymmetry, at 
leading order in 6, reads 

I(Ks,Ks,At)-I(KL,KL,M) 

A deviation from zero of this observable would be a signal of CPT viola- 
tion. Note that the /m(e) factor in the denominator of Eq. (5.31) should 
not be a surprise, since each intensity by itself represents a transition which 
is forbidden unless there is CPy^ violation in the mixing. 

The decays of the last two columns are connected by At and CPAt- 
operations. Hence, assuming CPT invariance ((5 = 0), we can reason as in 
the previous Section (see Eq. (5.30)) to obtain an observable for AF. The 
asymmetry between the third and fourth columns reads 



I(Ks,KL,At)-IiKL,KsAt) 
I{Ks,KLAt)+I{KL,KsAt) 



Ar 



5=0 (l+cos2(2/3))+sin^(2/3)cos(AmAt) (5 32) 

■ {2cos(2/?)^ + 4a:sin(2/3) sin(Am At)} , 



which is linear in AF, as expected. As before, cos(2/5) shows up together 
with AF. This makes impossible to measure the sign of one factor without 
having an independent knowledge of the sign of the other one. The individual 
intensities shown in Table 5.3 have additional dependence in cos(2/3) as shown 
in the denominator of Eq. (5.32): the a coefficient of I{Ks, Kl, At) goes as 
1 + cos^(2/3), which once more is unable to see the sign of cos(2/3). 

The correlated channel associated to the first, or second, column corre- 
sponds to a CP-forbidden transition for all At. The decays to {Kl, Kl) 
or {Ks, Ks) are associated with transitions of 5-states with opposite CP^ 
eigenvalues. Assuming CPT invariance and no absorptive parts, the ratio to 
the dilepton intensity is 



I{Ks.KsAt) 



/(/+,/+, At) 



\A 



Ar=5=0 l^'+l 



sin^(2/3). (5.33) 
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It is natural to find that I{Ks, Ks, At) comes as the square of the CP viola- 
tion measure in Eq. (5.26), since it is the modulus square of a CP-forbidden 
transition. It is also expected to find no time dependence in this ratio, since 
the transition amplitude between any two orthogonal states, like -B+a — 
or B2 — > Bi, has always the same time dependence, e"*'^^^* — e~'^'^"^^. 



5.6 Final remarks 

In this Chapter we have given a precise definition of the CP-tag and have 
seen all the advantages of it. In Section 5.5 we have computed with this tool 
all the possible CP and flavour correlated intensities, in particular the CP- 
flavour and CP-CP intensities. We have shown that appropriate comparisons 
between the intensities can give rise to precise T, CP and CPT violation 
observables that can be used as consistency tests for the Standard Model, as 
well as to explore beyond It. 

Several of these observables here proposed can be measured in the B- 
factories Babar and Belle with the present statistics. 

As a close to this Chapter -and a prelude to the next one- it is interesting 
to see in Tables 5.1 and 5.3 how, independent of the details of the correlated 
B meson state evolution, the EPR correlation imposed by Bose statistics 
prevails from the T decay up to the two final decays. This can be seen by 
setting At = and verifying the impossibility of having the same decay at 
both sides, independent of the CP-properties. In next Chapter, where we 
add an extra CPT violation ingredient relaxing the definite antisymmetry of 
the initial state, this feature will prove to be possibly violated. 
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Chapter 6 



CPT violation through 
distinguishability of particle 
and antiparticle 



6.1 Introduction 



In this Chapter we study a novel kind of CPT violation which occurs in 
the initial state of the B-factories through the loss of indistinguishability of 
particle-antiparticle. It is worth noticing that this CPT violation has no 
direct connection with the one that could occur in the time evolution from 
B-mixing, studied in the previous Chapter. 

This novel idea was introduced by Bernabeu, Mavromatos and Papavas- 
siliou in 2003 [10], and as theoretical work on it is developing, the first ex- 
perimental tests should be done in the fore-coming years at the B-factories. 
In this Chapter we do a theoretical study of the consequences of this CPT 
violation on the equal-sign dilepton events. We find several modifications to 
the usual observables, which we propose to re-measure in a different region. 
We also do the experimental and statistical analysis for the measurements 
here proposed. As a completion of the work, we set the first indirect limits 
on this new effect by re-analyzing existing data on the equal-sign dilepton 
charge asymmetry. 
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6.1.1 Modification of the initial state due to distin- 
guishability of particle-antiparticle 

We now analyze how the implementation of CPT violation, as a breakdown 
of the indistinguishability of particle-antiparticle, can modify the initial state 
in the B factories. 

In the usual formulations of entangled meson states [53, 54] in the B 
factories, one imposes the requirement of Bose statistics for the state B^B^, 
which implies that the physical system must be symmetric under the com- 
bined operation of charge conjugation (C) and permutation of the spatial 
coordinates ("P), CV. As careful discussed in Section 3.2, this argument plus 
conservation of angular momentum (/ = 1) and the proper existence of the 
antiparticle state, yields to an initial state after the T(4S') B^B^ decay 
which can be written as 

\m).=^ = ^ {\B\+kiB^{-k)) - m+k\B\-k))) . (6.1) 

Where the k vector is along the direction of the momenta of the mesons in 
the center of mass system. 

Although not directly evident, a detailed analysis of the previous para- 
graph shows that among the assumptions leading to the initial state, Eq. (6.1), 
it is CPT-invariance. As was first pointed out in [10], and later developed in 
[13, 56]. In fact, as mentioned above, if CPT symmetry is violated then B^ 
cannot be considered as indistinguishable to 5", and hence the requirement 
of CV = + imposed by Bose statistics must be relaxed. As a result, we may 
rewrite the initial state, Eq. (6.1), as 

1^(0)) = ^ X \\B%+k),B%-k)) - m+k),B%-k)) + 

v2(iTRF) 

LU {\B%+k), B%-k)) + |fiO(+fc), fi°(-^))) } . (6.2) 

Where u = |ci;|e*^ is a complex CPT violating parameter, associated with 
the non-indistinguishable particle nature of the neutral meson and antimeson 
states, which here parameterizes the loss of Bose symmetry. Observe the 
symmetry in Eq. (6.2) in which a change in the sign of u is equivalent to 
the exchange of the particles B^ <-> 5°. Moreover, once defined through 
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Eq. (6.2) the modulus and phase of uj have physical meaning which could be 
in principle measured. 

We interpret Eq. (6.2) as a description of a state of two distinguishable 
particles at first-order in perturbation theory, written in terms of correlations 
of the zeroth-order one-particle states. As it is easily seen, the probabilities 
for the two states connected by a permutation are different due to the pres- 
ence of uj. Therefore, in order to give physical meaning to uj we define, in 
Eq. (6.2), +k as the direction of the first decay; and viceversa, —k as the 
direction of the second decay. Of course, when both decays are simultaneous 
there is no way to distinguish the particles; although the effect of u is still 
present (see Section 6.2). 

Notice that an equation such as the one given in Eq. (6.2) could also be 
produced as a result of deviations from the law of quantum mechanics, during 
the initial decay of the T state. Thus Eq. (6.2) could receive contributions 
from two different effects, and can be thought of as simultaneously param- 
eterizing both of them. In the present work we will assume that Eq. (6.2) 
arises solely due to deviations from the indistinguishable-particle nature of 
the -B" — -B" states, while the Hamiltonian for the initial decay of the T 
and the subsequent evolution of the entangled state is the usual in quantum 
mechanics. 

It is clear that the modification of the initial state, Eq. (6.2), will introduce 
modifications in all the observables of the B factories, since it is the departure 
point of every analysis. In some observables this change may be minor, 
whereas in others may produce considerable modifications in its behaviour. 
Throughout this Chapter we study these two cases: in Section 6.2 we analyze 
observables which need of u;^, but conceptually important since constitute 
the demise of flavour-tagging; whereas in Section 6.3 we advocate to the 
study of time dependent observables, we find in them a linear dependence in 
UJ and an enhanced peak in the Asi asymmetry if 7^ 0. 

6.2 The demise of flavour tagging and the 
equal-time decay observables 

In this Section we study a direct consequence of the modification of the initial 
state (Eq. (6.2)), the demise of flavour tagging [13]. This is a conceptual 
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modification for tlie B factories, which use the flavour-tag in a great part of 
their analysis. 

6.2.1 Time evolution and conceptual changes due to 
the appearance of 'forbidden' states 

As it is easily seen, in passing from Eq. (6.1) to Eq. (6.2) there is a loss in the 
definite antisymmetry of the state. This antisymmetry, when u = 0, forbids 
the system to have the same decay at the same time on both sides. 



since a permutation of the particles introduces a minus sign in |?/;(0))(^=o, 
whereas the rest remains the same. If, on the contrary, we have 7^ as 
in Eq. (6.2), then there is nothing to be said and the same decay on both 
sides at the same time it is, in principle, allowed. This fact constitutes a 
breakdown of any tag as known to the date, since having a decay X on one 
side does not assure that the meson on the other side is the complementary, 
X. In particular, we study here the demise of flavour-tagging. 

To analyze in depth the argument above exposed it is mandatory to study 
the time evolution of the initial state in Eq. (6.2). Using the results of the 
Weisskopf-Wigner formalism in Section 3.1.1 it is straightforward to obtain, 
up to a global phase, the time-evolved state function in the flavour basis: 



{X,X\U{t)®U{t)\ij{0))^=o = 0, 



(6.3) 




{Co-oit)\B'B') + CUt)\B'B') + 
Coo(t)|B°i?°)+Coo(t)|5°S°)}; 



(6.4) 



where 




(6.5) 
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and -ft'5,± and a are defined in Section 3.1.2. We emphasize that the above 
expressions are exact; no expansion with respect to any of the parameters 
has taken place. We also notice again at this point that the CPT violating 
parameter 5 measures CPT violation in the S-mixing, and is totally inde- 
pendent of the parameter cj, whose origin lies in the particle-antiparticle 
distinguishability nature. 

It is worth to notice that phase redefinitions of the single 5-meson states 
such as (-^ e^"'B^, ^ e"*"^!?" are easily handled through the trans- 
formations of the i^'j-expressions in Eqs. (3.24-3.25). They lead to explic- 
itly rephasing invariant Coo(t) and Coo(t) coefficients, whereas Coo(t) i— 
g«(7-7)(7jjQ(^^^ and Co(5(t) ^ e*'''^~'''^Coo(t) are individually rephasing- variant, 
but their dependence on the phase is such that the considered physical ob- 
servables are rephasing invariant, as they should. 

Observe how the loss of the definite anti-symmetry in the initial state 
due to uj gives rise to the appearance of the states \B'^B^) and \B^B'^) in 
the time evolved \ip{t)), Eq. (6.4). These states are forbidden at any time if 
a; = 0. They are the responsible of the demise of flavour tagging: a flavour 
specific decay on one side at time ti does not determine uniquely the flavour 
of the other meson at the same time ti. In fact, due to the same flavour 
states in Eq. (6.4), a first flavour specific B^ decay filters at that time the 
wave function of the meson on the other side to be ~ 0{1)\B^) + 0{uj)\B^), 
and vice-verse. Therefore, the probability of having the same flavour specific 
decay at the same time on both sides goes as 

J(£^,£^,At = 0) ~ |cu|l (6.6) 

Having concluded the demise of the concept of tagging in the presence 
oi UJ, we follow to propose observables which would actually measure the 
deviation, if any, from the basic tagging assumption. 

6.2.2 The experimental observables 

We will focus on observables involving simultaneous B^ or B^ flavour specific 
decays on both sides. In what follow we will restrict our attention to the 
most characteristic case of flavour specific channels, namely semileptonic de- 
cays. The main reason for this choice is the fact that the flavour specificity of 
such decays relies on a minimum number of assumptions, in particular solely 
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on the equality AB = AQ, and is completely independent on whether the 
CP and CPT symmetries are exact [57]. We emphasize that other flavour 
specific channels may not share this property when there is CP or CPT vio- 
lation in the decay. Notice also that any effects stemming from the possibly 
decoherent (i.e. non quantum-mechanical) evolution of the initial state can 
be unambiguously separated from the u effect through the difference in the 
symmetry properties of their contributions to the density matrix [10]. 

We define the equal time intensity as Iab{t) = \{Xab\4'it))\'^ ■ We find that 

Ut) = mB^)\'\{Z,\B')\ \^^ , ,2, 1^.(^)1% (6.7) 

2(1 + \uj\ ) 

where the state \Xab) has been decomposed into the two single-meson fiavour- 
specific decay states, Ya and Zf,, i.e. \Xab) = |^a, Zb). (For instance, iX^o^o) = 
\Xi~^,X'i~^).) These equal-time intensities can be easily time-integrated: 

POO 

:^ab = / dt hb{t). (6.8) 

In term of these equal time intensities, 7^ allows 

/oo(t)^0 ; /oo(t)^0. 

It is through these otherwise-forbidden intensities that we can explore the 
presence of 7^ 0. As we can see in Eq. (6.5) and Eq. (6.7), what one hopes to 
observe is an \u]\^ vs. effect. This would be an unambiguous manifestation 
of our effect, independently of any other source of symmetry violation. 

In the hypothetical situation of non- vanishing values for /oo(t) and /oo(^) 
one could consider a CP-type asymmetry of the form 

A (.\ Ioo{t) - Imit) ON 
= /„„(*) + /o,W 

AcP = . (6.9) 

The asymmetries Acp{t) and Acp express the difference between the decay 
rates of B^ Xq and B^ Xq, where, Xq is a specific fiavour channel 
and Xq its C-conjugate state. In order to isolate the physics associated with 
Coo and Cqq through an observable such as Acp{t), one must eliminate its 
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2 I h \ 

dependence on the decay amplitudes |(ya|i?'^)| )| entering through 

Eq. (6.7). If the physics governing the decay is CPT-invariant (as in the 
Standard Model), the use of inclusive channels guarantees the cancelation of 
the decay amplitudes in Eq. (6.9). If we consider exclusive channels instead, 
CP violation in the decays prevents in general the aforementioned cancelation 
from taking place, thus restricting the usefulness of Acp{t). In addition to 
these standard considerations, quantum gravity itself may affect the CPT 
invariance in the decays; nevertheless, such contributions will be subleading, 
and we will neglect them in what follows. 

Interestingly enough, Acp{t) and Acp are independent of the value of u, 
since the latter clearly cancels out when forming the corresponding ratios, to 
leading order, when quantum gravity induced CPT violating effects in the 
decays are ignored. For 6 = and AF small, terms of order uAT can be 
safely neglected, and hence Eq. (6.9) simplifies to 

(l + |e|')2 + (2 fle(€))2 

In terms of the standard mixing parameters p and q, 

\l + ef-\l-e\' \p\'-\q\' 2Ab 



|l+e|V|l-e|^ bl'+lgl' 1 + ^1' 



where 



^ _ 2 Im{M*,,Tu] 
(Am)2 + |Fi2r 

According to present measurements the only limit to Acp and Acp comes 
from the t-integrated and At-averaged equal-sign dilepton charge asymmetry 
A,i, see Eq. (4.7). 

The algebraic cancelation of all the u dependence in Eq. (6.9) can be 
physically understood by realizing that uj ^ allows the equal time presence 
of \B^B^) and \B^B^) terms, and it has nothing to do with B^-B^ mixing or 
B^, B^ decays. The CP asymmetries in Eq. (6.9) are thus conventional CP 
asymmetries between states which are both CPT-forbidden; this cancelation 
is an explicit proof of both effects. This provides an additional way of testing 
the self-consistency of the entire procedure: once non- vanishing Ioo{t) and 
Ioo{t) have been established one should extract the experimental value of 
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Acp, which should coincide with the theoretical expression of Eq. (6.9); for 
the calculation of the latter one needs as input only the standard value for 
the parameter e, with no reference to the actual value of u. 

It is worth noticing at this point that a CP asymmetry built from the 
equal-time intensities /go and Iqq is not possible in this framework, since they 
are experimentally indistinguishable. However, if the distinction of the parti- 
cles would have not been defined through their order of decay (c.f. Eq. (6.2)), 
then this asymmetry could have been possible. Of course, in this case the 
value of u would have not been the same [13]. 

6.3 Linear in ou time-dependent observables 

In this Section we study the time dependent observables, where the interfer- 
ence terms will give rise to linear terms in u. We analyze correlated flavour 
specific equal-sign decays on both sides. As a first step we explore the cor- 
rections to the equal-sign dilepton intensities, and from them we study the 
modification in the behaviour of their asymmetry, Agi. 

6.3.1 Corrections to the equal-sign dilepton intensity 

Restricting the analysis to equal-sign semi-leptonic final states, the intensity 
is written as 



I{Xi^,X'i^,At) = / \{Xi^,X'i^\U{h)^U{ti + At)\4!{0))\^dti. 



The computation of Eq. (6.11) is straightforward using Eq. (6.2) and the 
results of Section 3.1.1; its explicit calculation yields 




(6.11) 
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(l + s,e)2-5V4 



l-e2 + 52/4 



cosh 



I"' 



'AT At 



) + 



cos(AmAt)+ (6.12) 



Am 



sin(AmAt) > , 



where we have approximated uKs ~ 0, and terms containing uiAT have 
been neglected within the square brackets - therefore the terms coming from 
the expansion of the cosine hyperbohc that go as uAT must be neglected to 
maintain the consistency. The coefficients s^, a^, b^^ and d^^ in Eq. (6.12) for 
the different decays are found in Table 6.1. 



Decay 


(^+,^+,At) 


(r,r,At) 


aprox. transition 


~ (1 + ij)(s"|T|fFO) + cj(fl''|T|S°) 


~ (1 + ^)I^B^\T\B°) + 1^(30 |T|S0) 


Se 


1 


-1 




1 


-1 


b^ 


-1 


1 


du 


1 


-1 



Table 6.1: Sign coefficients for the different intensities in Eq. (6.12). The 
second row indicates the transition amplitude for the corresponding single 
B-processes written in an 'order of magnitude'-estimate, id est, '1' stands 
for C(l), and 'cj' for 0{u)). 



In the next paragraphs we study how the new a;-terms in Eq. (6.12) change 
the usual At-dependent observables. We first analyze the variations that 
occur in the intensities, and then focus in the time dependent and enhanced 
modifications which the cj-effect introduces in their asymmetry. For the sake 
of simplicity, without compromising the physical results, from this point 
forward we take b ~ AF 0, and 4i?e(e)/(l + |ep) ^ 1 x 10~^ in accordance 
with its Standard Model expected value [32]. 



83 




(a) (b) zoom 



1(1 ,1 ,At) .10' ni-^i _at) .10' 




(c) (d) zoom 



Figure 6.1: Modification of tlie equal-sign dilepton intensities due to tlie 
presence oi u; u = (solid-line), u = 0.0005 (long-dashed), u = 0.001 
(medium-dashed) and u = 0.0015 (short-dashed). The zoom figures, (b) and 
(d), plot the demise of flavour tagging: for At — > the intensity goes as |u;p. 
Notice also the different behaviour of the intensity as a function of lj in each 
of the zoom-figures. As it is shown below, this produces a maximum in their 
asymmetry for small At. 
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The change in the intensity due to the presence of uj is easily analyzed 
in Eq. (6.12), as well as visualized in Fig. (6.1). In the region AmAt > 1, 
a linear correction in Re{u) takes place in both intensities (see Figs. 6.1a 
and 6.1c). This change in the intensity would be hardly detectable, since 
there is no enhancement nor a profitable comparison to measure it. On the 
other hand, observe that in the limit At — the aforementioned linear 
terms cancel each other and the leading terms in Eq. (6.12) go as ~ \uj\'^ 
(see Figs. 6.1b and 6. Id). Although this is a much smaller correction to 
the intensity, it is worth to study it due to the following reasons: (i) the 
modification in the intensity in this case is to be compared with zero, which 
is the usual result for a; = 0; and (ii) it introduces conceptual changes in the 
analysis of the problem since it constitutes, as studied in the previous Section, 
the demise of flavour tagging. Finally, observe the interesting phenomena 
that is produced in the Am At << 1 region due to u. In this region, for 
sufficiently small At, the behaviour of the intensity is dominated by the term 
in the last line of Eq. (6.12) which is proportional to ~ d^o Re{u) sin(AmAt). 
Therefore we have that, due to c?^, a different behaviour will be seen in each 
of the intensities (see Figs. 6.1b and 6. Id): for these values of u we have 
that /(£"'",£"'", At) begins growing, whereas I{i~,i~,At) begins decreasing 
and then grows. As analyzed in next Section, this difference between both 
intensities will produce a minimum in the denominator of their asymmetry, 
and hence a peak for short At's could be expected. Notice also that this 
characteristic behaviour in each of the intensities depends on the sign of 
Re{Lj), which is measurable. This was expected, since the initial state in 
Eq. (6.2) possesses the symmetry through which the exchange ^ is 
equivalent to the change +uj ^ —uj. 

6.3.2 Behaviour modification in the equal-sign dilep- 
ton charge asymmetry 

We now study how the presence of uj in the intensity modifies the behaviour of 
the equal-sign dilepton charge asymmetry, also known as Kabir asymmetry. 
As studied in Chapter 5, this asymmetry for u; = is of order Re{e) and 
exactly time-independent. 



Asi 



/(£+,£+, At) -j(r,r. At) 

/(£+,£+, At) +/(£-,£-, At) 



1 + |e|2 



+ 0{{Reef), (6.13) 
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as it can be also easily seen by setting a; = in Eq. (6.12). The time inde- 
pendence in Eq. (6.13) comes from the fact that when u = both intensities 
have the same time dependence, which cancels out exactly in the asymmetry. 
However, if u ^ then the time dependence of both intensities are not equal 
any more, and hence the Agi asymmetry would acquire a time dependence. 
Moreover, as explained below, if Re{uj) ^ then the asymmetry will have an 
enhanced peak for small At and hence there will be an optimal region where 
to search for experimental evidence of u. 

In order to see qualitatively how the equal-sign dilepton charge asym- 
metry acquires a peak for small AmAt, one can compute the asymmetry 
using Eq. (6.12) keeping in numerator and denominator terms quadratic in 
(Am At). In this expression it can be seen that, in the limit Am At -C \u!\, 
the value of the asymmetry is 4Re{e)/l + |ep at At = and then increases or 
decreases its values with At depending whether Re{u) is positive or negative, 
respectively. On the other hand, in the limit Am At ^ |u;|, the asymmetry 
decreases or increases depending whether Re{u) is positive or negative, re- 
spectively . Therefore a maximum (minimum) is expected for Am At ~ \u!\ 
when Re{u) is positive (negative). In fact, an expansion of numerator and 
denominator in the asymmetry at the region AmAt ~ u; <^ 1 yields 



^ ^ (l - IT^) I^P + It|74 ^"^^^ + W 

(l - ^) + ^ i?e(^) AmAt + |(AmAt)2 

(6.14) 

where Xd = Am/F. As it can be easily analyzed, this expression possess a 
pronounced maximum (minimum) for Re{uj) > (< 0) for small positive 
AmAt. This analysis shows that the only existence of Re{uj) ^ makes 
a drastic change in the behaviour of Asi for small AmAt. Although the 
measurement of this peak might require a fantastic time precision (and the 
exploration of a dirty region from the experimental point of view), it is shown 
below that the tail of the peaks gives an still optimal region where to look 
for experimental effects related to uj. 

For a better study of the equal-sign dilepton charge asymmetry its plot is 
shown for different values of u; in Fig. (6.2). As it can be seen, the asymmetry 
in the a; 7^ case is not only time dependent but also has a pronounced peak, 
as it was expected from the discussion in the previous paragraph. Using 
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Figure 6.2: Equal-sign dilepton charge asymmetry for different values of 
cu; = (solid line), |a;| = 0.0005 (long-dashed), \uj\ = 0.001 (medium- 
dashed), \uj\ = 0.0015 (short-dashed). When u ^ a peak of height 
Asi(peak) = 0.77cos(f2) appears at At{peak) = 1.12 ^, producing a dras- 
tic difference, in particular in its time dependence. Observe that the peak, 
independently of the value of |ci;|, can reach enhancements of order 10^ the 
value of the asymmetry when u = 0. 



Eq. (6.12) one obtains that the peak is at the value 




Atpeafc = a/t^ 1^1 + ^(^') - f 1-12 kl, (6.15) 



where in the last step we have set Xd = 0.77 [32]. The height of the peak is 

Re(e) 



cos(fi) + V2 -J— ^ 



0.77cos(l]) + 0{uj, Re{e)) (6.16) 



We see that although the position of the peak is linearly dependent on the 
absolute value of u! (Eq. (6.15)), its height is independent of the moduli of 
uj and only depends on its phase (Eq. (6.16)). Moreover, the enhancing nu- 
merical factor 0.77 in the leading term of the height of the peak, Eq. (6.16), 
is about three orders of magnitude bigger than the expected value of the 
asymmetry if = 0. 
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In the region AmAt ~ 1 we expect a quasi time-independent behaviour 
of Asi{At) for small u. In fact, analyzing the time-derivative at the typical 
time At = 1/r we find 

i ^(At = 1/r) = -0.78i?e(.;) + 0{uj% (6.17) 

a result which is independent of e and AF (in its allowed range AF/F ~ 10~^). 
However, a small shift with respect to the u = case there will be always 
present. The computing of the asymmetry at this time gives an estimate of 
the expected shift: 

Asi{At = l/r) = ^^^ + 3.39Re{io) + 0{uj^). (6.18) 

From this discussion we see that for small enough tu, in a range of times 
around At > 1/F, a good approximation for the shift in A^i goes linear in 
Re{uj), as it is seen in Eq. (6.18). This shift-effect is displayed in Fig. (6.3a). 
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Figure 6.3: The Asi{At) asymmetry at times At > 1/F. The solid line 
represents the o; = case, the short-dashed line is for u = 0.001, and the 
long-dashed line (in Fig. (a)) is the shift-approximation for this range of times 
according to Eq. (6.18). In Fig. (a) we represent the region of times where 
the asymmetry is quasi time-independent but shifted due to u. In Fig. (b) 
we plot including AmAt = 27r to show the second peak, due to the quasi 
periodicity of the asymmetry. 
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As a last remark on the modification of tlie behaviour of the Agi asym- 
metry it is worth to point out not only its time dependence, but also its 
quasi-periodicity. In fact, the asymmetry is constructed from the intensities 
in Eq. (6.12), where the only non-periodical terms are those that go with 
cosh(ArAt/2), but these terms are quasi- const ant (and hence periodic) for 
small enough AF. In virtue of this, we expect that the asymmetry will re- 
peat its behaviour at AmAt = 27r. This means that the above-studied peak 
for small At will be found again at times around At ^ 2ti / Am = 8.2r~^; 
this time accompanied by a counter peak with opposite-sign right before 
AmAt = 27T. We notice, however, that at these times the statistic avail- 
able is suppressed by a factor e~^'^ ~ lO""*. In any case we point out that, 
although with still low statistic and low time resolution, the available data 
is beginning to explore also this region [37]. This second peak is plotted in 
Fig. (6.3b). (We note that the smoothen of this second peak due to AF is 
hardly noticeable for AF/F < 0.005.) 



6.3.3 Observing the cj-efFect in the Agi asymmetry 

We study now the detectability of the time-dependence in Asi provided by 
the tail of the peak. Since the main difference between the u = and u 
cases is that in the latter the asymmetry is time-dependent we may define, 
with operative purposes, a criterion of experimental observability regarding 
the value of the time derivative dAgi/dAt. We may expect that the limit 
detectable time furnishes 



1 
f 



dAt 



0.1, (6.19) 



and hence for At < Atumit it is (expected to be) possible to observe the 
effect of cij as a time-dependence in the A^i asymmetry. In Fig. (6.4a) it 
is plotted the level curve of Y\dAsi/dAt\ = 0.1 as a function of |ti;| and At 
for r2 = 0. As it can be seen, a value for instance of u; ~ 5 x 10~^ gives 
a Atiimit ~ 0.2F~^ as compared to Atpeafc = 0.005F~^. We conclude that, 
in much later At's than Atpeak the time dependence is still detectable. In 
Fig. (6.4b) it is shown the same level curve, but now plotted as a function of 
Q and At, whereas the modulus is set to |a;| = 0.001. In the figure it can be 
seen that, disregarding the values of Q close to 7r/2 or 37r/2, the measurement 
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(a) \uj\ vs. At(r-i); for f7 = (b) fl vs. At{T~'^); for |w| = 0.001 



Figure 6.4: Level curves for Y\d^si/d^t\ = 0.1, the white area represents the 
points where Y\dAsi/dAt\ > 0.1, and hence the time variation is (expected 
to be) experimentally detectable. Notice the tiny dark line on the left of 
each graph which represents the peak of the asymmetry, where of course the 
derivative also goes to zero. Fig. (a) plots \uj\ vs. At for a fixed $7 = 0, 
observe that although to see the peak in A^i it is required a very high At- 
resolution, the region where the time variation is detectable might be more 
accessible experimentally. Fig. (b) plots the phase Q vs. At for a fixed value 
of \uj\ = 0.001, note that disregarding the values of the phase around 7r/2 
and 3-7r/2, the measurable region (white) is quite favoured in At. 

of the equal-sign charge asymmetry Agi at small At represents a quite good 
observable to test the u;-effect. 

Present limits on uj using existing data 

Although the best region where to see the effects of u is at small At, the 
existing data on the Asi asymmetry has not been taken in that region, but 
instead at At > 0.8^ [36, 37] (see Eq. (4.7)). In fact, since in these exper- 
iments at last the Asi would be fitted to a constant, the small At region 
was discarded to avoid the complications which come from the experimental 
background. On the other hand, we have shown in this work that to see 
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1 + |e|2 





the pronounced possible effects of ui it is mandatory to explore the small 
At region. In any case, this existing data could be used to put limits on uj, 
since its existence would produce a shift in the At ~ l/F region, as shown 
in Eq. (6.18). 

We point out here that putting limits to u using the available fit of Agi to 
a constant is not a direct constraint on uj, but rather indirect. It is clear that a 
direct constrain on u should be done using the original complete experimental 
data and fitting it to the expression Asi{lj, At) that comes from constructing 
the asymmetry using Eq. (6.12) with its time dependence. 

In order to find indirectly the allowed values for u using the existing 
measurements of Asi we proceed as follows. Using Eq. (6.12) we compute the 
asymmetry as a function of u, and we allow e to vary in its Standard Model 
expectation range [32], 

^sin(2/3)J < 0.001. (6.20) 

The values of u which are within the 95% C.L. are those such that Asi{At, u) 
is within the two standard deviation of the measured value of the asymmetry, 

= 0.0019 ±0.0105. (6.21) 

(This value comes from the equally weighted average of Refs. [36, 37], see 
Eq. (4.7).) Of course that we need to define what is 'within', since Asi{At,uj) 
is time-dependent, whereas A^^^ is constant and, besides, the density of ex- 
perimental events, p{At), is highly At-dependent. With this purpose, we 
define a density-weighted average difference between the experimental and 
cu-theoretical asymmetries as 

[^'' p{At){A,i{At, u) - A'-fP) dAt 
AAsi{u) = -^^^^ ^ ^ — , (6.22) 

C.pmdAt 

where (Ati, Ats) = (0.8^, 8^) is the range of times where the measurements 
have been performed, and the density of events is 

p{At) = e-^^*(l-cos(AmAt)). (6.23) 

Where in the density function p{At) we have approximated AF ^ u ^ since 
at this point they constitute second order contributions. From the definition 
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of weighted-average-difference in Eq. (6.22) we obtain the 95% CL. allowed 
values for ui as those that furnish 



AA,i(cj)| < 2(T = 0.0210. 



(6.24) 



The fulfilment of this equation, neglecting quadratic contributions in u;, gives 
the final result: 



Where the values of e used to define the upper and lower limits correspond 
in each case to those in Eq. (6.20) which extend the most the allowed range 
for uj. These are the first known limits on uj. 

It is interesting to notice that if this same calculation is performed approx- 
imating Asi[^t,uj) by its value at the typical time At = l/F, see Eq. (6.18), 
we obtain the approximated limits —0.0059 < Re{uj) < 0.0070 which is a 
good -and simpler- estimation compared to the exact value in Eq. (6.25). 

To close this discussion we find convenient to reproduce here some ex- 
perimental results for the Agi asymmetry. In Fig. (6.5) we reproduce Babar 
and Belle's results on the asymmetry. As it can be seen, the fitting to a 
constant is not conclusive yet: further measurements are required to give a 
more precise answer on the a;-effect. 

Statistical analysis 

To complete the analysis of the equal-sign dilepton charge asymmetry, we 
study how the statistic requirements are modified due to the presence of u. 
From the statistical analysis point of view, the relevant quantity to observe 
an asymmetry as a function of At is the figure of merit, i.e. I{X, X' , At) ■ 
{Asi{At)y . As it is well known, the minimum number of events needed to 
measure the asymmetry is proportional to its inverse. The figure of merit is 
plotted in Fig. (6.6) for different values of u. In this plot one may see the 
high sensibility on u: as |i?e(a;)| grows, the maximum also grows and it is 
shifted towards smaller At's. This behaviour gives to the asymmetry a high 
sensibility on u: as was explained above, the effects of u are found enhanced 
in the small At region, whereas the figure of merit tells us that as |i?e(ci;)| 
grows, the exploration of this region becomes more effective. 



0.0084 < Re{uj) < 0.0100 



95%C.L. 



(6.25) 
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Figure 6.5: Reproduction of the experimental results for the A^i asymmetry 
by Babar [36] and Belle [37] collaborations. The points for the fitting (the 
constant solid line in each figure) are taken for At > O.SF^^. As it is seen in 
the figures, the time independence of the A^i asymmetry, as well as its fitting, 
have not arrived yet to a definite conclusion. Notice also that the u;-effect 
predicts a second peak at At 8.2r^^ (A2; ^ 0.15cm, At ^ 12.4ps) which 
the data cannot discard; see Fig. (6.3b) and text therein. 
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Figure 6.6: Figure of merit for measuring the equal-sign dilepton charge 
asymmetry; from bottom to top = (sohd hne), lo = 0.0003 (long-dashed), 
u = 0.0006 (medium-dashed) and u = 0.001 (short-dashed). Observe how 
the peak in the Agi asymmetry for 7^ is reflected here as a growth and 
a At-shift towards the origin of the maximum. This shows that as ci; 7^ 0, 
its effects are found to be in the small At region and at the same time this 
region becomes statistically easier to explore. The figure of merit proves the 
high sensibility that exists in the asymmetry to measure ui. 
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Chapter 7 

Conclusions and outlook 



In this work we have analyzed and studied the effects of the violation of the 
symmetries T and CP, and the possible violation of CPT, in the correlated 
B-meson system. The analysis has been performed from two different points 
of view. In Chapter 5 we have analyzed how the mixing and decay observ- 
ables corresponding to correlated CP and flavour decays depend on these 
three discrete symmetries. In Chapter 6, instead, we have studied solely the 
effects of a novel kind of CPT violation whose effects would arise in the ini- 
tial state of the B-factories through the no longer indistinguishability of 
and B^] producing, hence, a variety of modification in the usual B-physics 
observables. We analyze separately the conclusions of these two different sets 
of results. 

In Chapter 5 we have shown rigorously how to place a CP-tag. Although 
there is no CPee' operator which leaves invariant the whole Hamiltonian 
including the charged current term, we have shown how a specific choice of 
6 and 6' determines a CP a operator which commutes with a chosen piece 
of this charged current term, under a O(A^) approximation. This piece is 
the only part of the charged currents involved in the direct (with no mixing) 
decay of the B meson into J/ipKs^L'- the Golden Plate decay. With this 
determination, the initial state coming from the T(4S') B^B^ decay is 
written in terms of the CP^ eigenstates, and therefore a decay of the first B 
meson into a Golden Plate CP-|- state places a CP^— tag in the second B 
meson. And vice- versa. 

Having obtained a CP a operator which commutes with the piece of Hamil- 
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tonian involved in the direct Golden Plate decay of the B meson, gives us a 
powerful tool which makes the analysis of the adequate correlated decays to 
get reduced to the S-mixing. In fact, with this CP-tag and the well-known 
flavour tag coming from the flavour specific channels, we can obtain all pos- 
sible intensities relating final CP-eigenstate and flavour- specific decays by 
studying the one-meson-transition in the At-mixing. The right choice of the 
B basis at the beginning and at the end of the mixing, namely {B±a} ot 
{B^, CPaB^} depending on the decay, reduces the calculation to the mixing 
of the B meson. Within any of these basis, we have proved that no phase 
ambiguities are found and therefore the e parameter is rephasing- invariant. 

We have completed the analysis of correlated neutral 5-meson decays 
into flavour and CP eigenstates in terms of single B-meson transitions in the 
time interval At between both decays. The action of the discrete symmetries 
CP, T and CPT is thus described in terms of initial and final 5-states. In 
Section 5.5 a variety of new observables have been proposed to show the con- 
sistency of the entire picture, as well as to explore the possible existence of 
physics beyond the Standard Model . For instance, assuming CPT invariance 
the correlated CP-forbidden {J/ipKs, J/ipKs) and {J/ipKL, J/ipKi) decays 
shall have equal intensities. As apparent from their CP-forbidden charac- 
ter, each of them comes out to be proportional to sin^(2/3), with the same 
At dependence as the correlated decay (see Eq. (5.33)). Using the 

advantages of the CP-tag, we have also proposed observables for observing 
direct T-violation (see Eq. (5.27)). At the same time we have remarked the 
difference between the T-operation and the At-operation -consisting in the 
exchange in the order of appearance of the decay products- when AF ^ 0. 
We have also computed the usual observable which measures sin (2/3) through 
the CP asymmetry Eq. (5.26). 

The genuine symmetries studied have also been combined with the At 
operation. Although At-exchange and T-reversal lead to different processes, 
they must have equal intensities in the limit AF = if CPT is assumed. 
We then suggest the comparison of processes connected by CPAt-operation 
in order to extract linear terms in AF, as explicitly seen in Eqs. (5.30) and 
(5.32). In the B^-system, these CPAt-asymmetries are expected to be small. 
One could envisage the use of these observables to determine AF., for the Bg- 
system, with expected larger width-difference, by means of the 5-factories 
operating at T(5S'). 

It is worth to note that in studying the double CP decays we have also 
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found that, as in the case of CP-semileptonic decays, the sign of cos(2/?) 
remains either hidden or accompanied by the sign of AF. 

In Chapter 6 we have studied the consequences that CPT violation could 
have on the initial B^B^ entangled-state in the B-factories. The loss of 
indistinguishability of particle-antiparticle yields to the relaxation of Bose- 
statistics requirement, which is characterized by the complex parameter u 
(Eq. (6.2)). We have shown that this u-eSect would bring out important 
conceptual and measurable modifications in the correlated B-meson system. 

The most important conceptual change, the demise of flavour tagging, 
comes out from the loss of the definite anti-symmetry in the initial state. 
In fact, if u; 7^ then the time evolution of the initial state will project a 
component on the \B^B^) and \B^B^) states, which are clearly forbidden in 
the a; = case. The appearance of these forbidden states produces the demise 
of the flavour tag: a flavour-specific B^ decay on one side allows a presence 
(proportional to a;) of the same B^ meson on the wave function in the other 
side at the same time, and viceversa. We show that this effect would be 
measurable through the CP asymmetry consisting of the At = same sign 
semi-leptonic intensities, Acp(t) and Acp (Eq- (6.9)). Notice, however, that 
although conceptually appealing, this observable requires a precision in 
the measurement of the intensities. 

In order to look for an observable linear in u we have analyzed the At- 
dependence of the equal-sign semi-leptonic correlated decays. Here the in- 
terference terms give rise to the expected linear in u modifications. We have 
computed the equal-sign dilepton events in correlated B-decays, /(^^, At) 
(see Eq. (6.12) and Fig. (6.1)). We have found corrections linear in Re{u) 
with opposite behaviour depending on the sign of the leptons, and therefore 
pointing to their asymmetry as an optimal observable where to look for traces 

of UJ. 

The equal-sign dilepton charge asymmetry, A^i, has been already studied 
and measured for the case uj = 0, where its behaviour is known to be constant 
and proportional to the CP violating parameter Re{e). The computation 
of the Asi asymmetry for u 0, on the other hand, shows a strong time- 
dependence in the small At region (where it has not been measured yet), and 
a quasi time-independent shift in the later (measured) At ~ F~^ region. At 
small At ~ |ci;|F~^ we find a pronounced peak, whose tail could be detectable 
for later At's (see Figs. (6.2-6.4). 
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Current experiments have been performed in the At > F^^ region, and 
are consistent with a possible existence of u; 7^ 0. Moreover, the difference 
between the Standard Model expectation for Re{e) and the measured two- 
standard-deviation allowed range for the equal-sign dilepton charge asymme- 
try, allows us to compute indirectly the current limits on the value of Re{ijj) 
at a 95% confidence limit, 

-0.084 < Re{uj) < 0.0100 95% C.L. (7.1) 

These are the first known limits on uj. This limit can be improved by the 
progress in the experimental measure of the asymmetry or, much more defini- 
tive, by the exploration of the small-At region. This, of course, requires a 
new treatment of the background, which complicates the measure of the 
flavour-specific channels in that region. 

From the statistics point of view, we have shown using the figure of merit 
that as a; 7^ its greater effects are found in the small At-region and at the 
same time this region becomes easier to explore. Hence, the experimental 
probe of the small-At region is crucial for determining the possible existence 
of CPT violation through distinguishahility of particle-antiparticle. 

The results of this thesis advocate and endorse the experimentalists to 
explore the low-At region in the equal-sign dilepton events. 

The implications due to a non-vanishing value of uj are not only visible 
in the dilepton channels. We plan to explore this effect in the correlated 
(flavour, CP) and (CP,fiavour) decays, as demanded for the Golden Plate 
channels. 
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Chapter 7 



Conclusiones y perspectivas 
[espafiol] 

En este trabajo hemos analizado y estudiado los efectos de la violacion de 
las simetrias T y CP, y la posible violacion de CPT en el sistema de mesones 
B correlacionados. El analisis ha sido realizado desde dos puntos de vista 
diferentes. En el Capitulo 5 hemos analizado como observables de mixing 
y decaimiento, correspondientes a decaimeintos correlacionados de sabor y 
CP, dependen de estas tres simetrias discretas. En el Capitulo 6, en cambio, 
hemos estudiado solamente los efectos de una flamante clase de violacion de 
CPT cuyos efectos surgin'an en el estado inicial de las fabricas de B, a traves 
de la perdida de indistinguibilidad entre y B^; produciendo entonces 
una variedad de modificaciones en los observables usuales de la fisica de 
B's. Analizamos separadamente las conclusiones de estos dos conjuntos de 
resultados diferentes. 

En el Capitulo 5 demostramos rigurosamente como colocar un rotulo de 
CP (CP-tag). Aunque no exista un operador CPee' que deje invariante todo 
el Hamiltoniano incluyendo la parte de corrientes cargadas, hemos mostrado 
como una eleccion especifica de 9 y 9' determina el operador CP^ que con- 
muta con una pieza seleccionada de este termino de corrientes cargadas, en 
la aproximacion de 0{X^). Esta pieza es la linica parte de las corrientes 
cargadas que esta involucrada en el decaimiento directo (sin mixing) del me- 
son B en J/ipKs^L- el decaimiento Golden Plate. Con esta determinacion, 
el estado inicial proveniente del decaimiento T(45') — > B^B^ es escrito en 
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termino de los autoestados de CP^i, y entonces un primer decaimiento a un 
Golden Plate CP+ coloca un rotulo CP a— en el segundo meson en vuelo. Y 
viceversa. 

Haber obtenido un operador CP^ que conmuta con la pieza de Hamilto- 
niano involucrada en el decaimiento Golden Plate, nos ofrece una poderosa 
herramienta que hace que el analisis de los decaimientos correlacionados ade- 
cuados quede reducido al mixing de los B's. En efecto, con el rotulo por CP 
y el bien conocido rotulo por sabor que proviene de los canales de sabor- 
especi'fico, podemos obtener todas las posibles intensidades que relacionan 
decaimientos finales de autoestados de CP y de sabor-especi'fico, estudiando 
la transicion de un meson en el mixing durante At. La eleccion correcta de la 
base de B's al comienzo y al final del mixing, Uamese {B±a} y {-B°, CPaB^} 
segiin el decaimiento, reduce todo el calculo al mixing de un linico meson B. 
En cualquiera de estas bases hemos probado que no existe ambigiiedad en 
las fases, luego e es un parametro invariante de fase. 

Hemos completado el analisis de los decaimientos de mesones neutros B 
correlacionados en canales de sabor y de autoestados de CP en termino de 
transiciones de un unico meson B en el intervalo de tiempo At entre los 
dos decaimientos. La accion de las simetrfas discretas CP, T y CPT es en- 
tonces descrita en termino de estados iniciales y finales de mesones B. En 
la Seccion 5.5 una variedad de nuevos observables han sido propuestos para 
mostrar la consistencia del modelo, asi como explorar la posible existencia 
de ffsica mas alia del Modelo Estandar. Por ejemplo, suponiendo invarian- 
za CPT, los decaimientos correlacionados CP-prohibidos {J/ipKs^ J J 
{J/ipKi, J/ipKi) deben tener la misma intensidad. Tal como es aparente de 
su caracter CP-prohibido, cada uno de ellos resulta proporcional a sin^(2/3), 
con la misma dependencia en At que el decaimiento (ver Ec. (5.33)). 

Usando las ventajas del rotulo por CP, hemos tambien propuesto observables 
para medir violacion directa de T (ver Ec. (5.27)). A la vez hemos remar- 
cado la diferencia que existe entre las operaciones T y At -que consiste en 
intercambiar el orden de los decaimientos- cuando AF ^ 0. Tambien hemos 
construido el observable usual para la medicion de sin(2/3), la asimetria CP 
en Ec. (5.26). 

Las simetrias genuinas estudiadas tambien han sido combinadas con la 
operacion At. Aunque el intercambio-At y la operacion de inversion temporal 
T conducen a diferentes procesos, estos deben tener la misma intensidad en 
el Ifmite AF = si CPT es valido. Teniendo en cuenta esto, sugerimos la 
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comparacion de procesos conectados por la operacion CP At, para asi extraer 
terminos lineales en AF, como se ve explicitamente en las Ecs. (5.30) y (5.32). 
En el sistema -B^ estas asimetrfas CP At se esperan que sean pequenas. Sin 
embargo uno puede prever el uso de estos observables para determinar AF^ 
en el sistema Bg, donde se esperan mayores anchuras, usando las fabricas de 
B operando en la resonancia del T(55'). 

Es conveniente notar que al estudiar los decaimientos doble-CP hemos 
nuevamente hallado, como es en el caso de los decaimientos CP-semilepto- 
nicos, que el signo de cos(2/3) sigue u oculto, o acompafiado por el signo de 
AF. 

En el Capftulo 6 hemos estudiado las consecuencias que podria tener vio- 
lacion de CPT sobre el estado inicial de los mesones B^B^ correlacionados 
en las fabricas de B. La perdida de indistinguibilidad entre parti'cula y an- 
tiparticula conduce al relajamiento del requisito de estadistica de Bose, carac- 
terizado por el parametro u (Ec. (6.2)). Hemos mostrado que este efecto-u; 
podria implicar importantes modificaciones conceptuales y medibles en el 
sistema de mesones B correlacionados. 

El cambio conceptual mas importante, el 'fin' del rotulo por sabor, se 
debe a la perdida de la anti-simetrfa definida en el estado inicial. En efecto, si 
u entonces la evolucion temporal del estado inicial tendra una proyeccion 
sobre los estados \B^B^) y \B^B'^) no nula, la cual esta claramente prohibida 
en el caso de u = 0. La aparicion de estos estados prohibidos produce el 'fin' 
del rotulo por sabor: un decaimiento de sabor-especifico B^ en un lado per- 
mite una presencia (proporcional a u) del mismo meson B^ en el otro lado al 
mismo tiempo, y viceversa. Hemos demostrado que este efecto seria medible 
a traves de una asimetria CP que consista de las intensidades dileptonicas de 
mismo signo con At = 0, Acp(t) y Acp (Eq. (6.9)). Notese, de todos mo- 
dos, que aunque conceptualmente importante, este observable requiere una 
precision de Icup en la medicion de las intensidades. 

Con el objeto de buscar un observable lineal en oo hemos analizado la de- 
pendencia en At de los decaimientos correlacionados semileptonicos de mismo 
signo. Aqui los terminos de interferencia dan lugar a las buscadas modifi- 
caciones lineales en u. Hemos computado los eventos de dos leptones del 
mismo signo en los decaimientos correlacionados de mesones B, i^, At) 
(ver Ec. (6.12) y Fig. (6.1)). Hemos hallado correcciones lineales en u con 
comportamientos opuestos dependiendo en los signos de los leptones, apun- 
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tando de este modo a su asimetn'a como un optimo observable donde buscar 
rastros del efecto-ti;. 

La asimetna de carga de eventos dileptonicos del mismo signo, Agi, ha 
sido ya estudiada y medida para el caso u = 0, donde su comportamiento 
se predice constante y proporcional al parametro de violacion de CP Re{e). 
El calculo de la asimetria Asi con u; 7^ 0, sin embargo, muestra una fuerte 
dependencia temporal en la region de At pequefios (donde no ha sido medida 
aun), y un corrimiento cuasi-independiente del tiempo para tiempos posteri- 
ores At ~ F"^ (donde si se ha medido). Para pequenos At ~ |^^|r~^ hallamos 
un pico pronunciado, cuya cola podn'a ser detectable en At posteriores (ver 
Figs. (6.2-6.4)). 

Los experimentos actuales han sido realizados en la region At > F^^, 
y son consistentes con la posible existencia de u; 7^ 0. Es mas, la diferencia 
entre el valor que predice el Modelo Estandar para -Re(e) y el rango permitido 
por las dos desviaciones estandares de la medicion de la asimetn'a Asi, nos 
permite establecer indirectamente los Ifmites actuales para el valor de Re{uj) 
a un nivel de 95% de Ifmite de confianza, 

-0.084 < Re{uj) < 0.0100 95% L.C. (7.1) 

Estos son los primeros Ifmites conocidos para uj. Este Ifmite puede ser mejo- 
rado a traves de una mejor y mas precisa medicion de la asimetrfa o, en 
forma mas definitiva, explorando la region de At pequenos. Esto, claro esta, 
requiere un nuevo tratamiento del fondo, ya que este complica la medicion 
de canales especfficos de sabor en esa region. 

Desde el punto de vista de la estadfstica, hemos demostrado usando la 
figura de merito que si a; 7^ entonces sus efectos se hallan en la region de 
At's pequenos j ala misma fez esta region es mas facil de explorar. Luego, el 
analisis experimental de la region de pequenos At's es crucial para determinar 
la posible existencia de violacion de CPT a traves de distinguibilidad de 
partfcula y antipartfcula. 

Los resultados de esta tesis ponderan y respaldan a los experimentales a 
explorar la region de pequenos At's en los eventos dileptonicos del mismo 
signo. 

Las implicaciones de un posible u diferente de cero son visibles no solo en 
los canales dileptonicos. Nuestro plan es explorar este efecto en los decaimien- 
tos correlacionados (sabor, CP) y (CP,sabor), para observar las correcciones 
que producirfa en los canales Golden Plate. 
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